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PREFACE 


The volumes of the International Library of Technology are 
made up of Instruction Papers, or Sections, compnsing the 
various courses of instruction for students of the International 
Correspondence Schools. The original manuscripts are pre- 
pared by persons thoroughly qualified both technically and by 
experience to write with authonty, and m many cases they are 
regularly employed elsewhere in practical work as experts. 
The manuscripts are then carefully edited to make them suit- 
able for correspondence instruction. The Instruction Papers 
are written clearly and in the simplest language possible, so as 
to make them readily understood by all students. Necessary 
technical expressions are clearly explained when introduced. 

The great majority of our students wish to prepare them- 
selves for advancement in their vocations or to qualify for 
more congenial occupations. Usually they are employed and 
able to devote only a few hours a day to study. Therefore 
every effort must be made to give them practical and accurate 
information in clear and conase form and to make this infor- 
mation include all of the essentials but none of the non- 
essentials. To make the text clear, illustrations are used 
freely. These illustrations are espeaally made by our own 
Illustrating Department in order to adapt them fully to the 
requirements of the text. 

In the table of contents that immediately follows are given 
the titles of the Sections included in this volume, and under 
each title are listed the mam topics discussed. 

International Textbook Company 
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GRAPHIC STATICS 


COPLANAR CONCURRENT FORCES 

1. The Graphic and the Analytic Method Com- 
pared. — The graphic method of dealing with problems in 
statics, although not so accurate as the analytic, is in a great 
many cases much simpler than the latter and gives results 
that are sufficiently close for all engmeering purposes. It 
is not, however, to be supposed that the graphic method is 
preferable in all cases; for the con- ^ 

structions it requires are sometimes 
of exceeding complexity compared / v* 

with the simple formulas employed J \ 

by the analytic method. Moreover, 
the latter method is broader and A / 
better adapted to discussions and \ 1^''' 
investigations of a general character. 

As an illustration, let it be required pio i 

to find the equilibrant of two forces Fx and /i. Fig 1, acting 
at a point A in given directions. From A (or from any other 
point) two lines are drawn parallel, respectively, to the given 
directions of the forces. On these lines, and in the proper 
directions, are laid off the vectors A Bi and A -5., to represent 
Fx and F^^ using any convenient scale. On the lines A Bx and 
A Ba the parallelogram A Bx BB^ is constructed, whose diag- 
onal BA IS the required equilibrant. Its magnitude is deter- 
mined by measuring the line BA and multiplying its length 
by the scale used Thus, if Fx and F, are laid off to a scale 
of 100 pounds to the inch, and BA measures 3 tV inches, the 
magnitude of .the equilibrant Q is 

3tV X 100 = 344 pounds, nearly. 

COPYR[QHTED BY INTERNATIONAL TEXTBOOK COMPANY ALL RICHTB RESERVED 
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Instead of constructing the whole parallelogram, the tri- 
angle-^ B may be constructed, by drawing B equal and 
parallel to and then drawing BA. 

Here the graphic solution is evidently simpler and can be 
accomplished much more rapidly than the analytic solution. 

2. Suppose, now, that a weight of 1,000 pounds, Fig. 2, 
IS placed on a beam AxA^y at distances of 9 and 3 feet 
from the supports Ax and and that it is required to find 
the reactions at those points. Graphically, the problem may 
be solved as follows; From Ax, draw Ax to represent the 
weight of 1,000 pounds to any convenient scale; draw A^, 
the vertical ABxx and the horizontal BxB^. Then will ABx 



W^lOOO lb. 

Fig. 2 


(or AxBt) represent the reaction Fx at A,, and B^ the 
reaction Rx at A^- For, if moments are taken about A^, we 
must have, 

R^XA.A, = WXAA„ ^ 

A A, Ri 

Now, the similar triangles Ai A, W and A A, give 
A, A. ^ A, W> 

I A A, ABi 

Comparing this with the preceding proportion and noticing 
lhat Ai W = JV, It follows that AB^ — R^ We must have, 
,aiso, R, — W — Ri. The figure gives, 

B.W> = A, W -A,B, = A^ W’ -AB, = W - R, = R, 
In this case, the geometric construction, although simple, 
can be advantageously dispensed with, as the reactions can 
be much more readily calculated from the general equation 
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of equilibrium referred to above, viz., 12 = 3 tV; whence, 

/d, = iJV:== 250 pounds, and i?. = J?, = 1,000 - 250 

= 760 pounds. 

This example shows that the graphic method is not always 
the simpler, and that some judgment should be exercised in 
the choice of the method to be employed m any particular 
case. There are geometric constructions by which centers 
of gravity, statical moments, bending moments, and shear- 
ing stresses (terms used in the mechanics of materials) can 
be determined. But, unless these constructions lead to the 
required results more easily and quickly than the formulas 
employed by the analytic niethod, the formulas are to be 
preferred. 


3. Graphic Determination of the Resultant and 
Rqulllbrant of Any Number of Concurrent Forces. 



The construction to be presently described has already been 
explained, but is repeated here in a slightly different form 
for the sake of convenience. Let 7s, 7%, 7^, 7^, 7^i Fig. 3, be 
coplanar concurrent forces acting at O If, from the end Ai 
of the vector OAi representing the force /'j, the vector 
equal and parallel to T^b, is drawn, the vector OA^ will repre- 
sent the resultant of 7^ and These tWo forces can, there- 
fore, be replaced by the single force OAt» Likewise, by 
drawing AaA^ equal and parallel to 7^, and joining O to A»y 
the resultant OA, of OA^ and 7s, or, what is the same thing, 
of 7^1, 7s, and 7^,'is obtained Similarly, OA 4 is the resultant 
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of OAt and or of and F*; and, finally, OAtt 

obtained in a similar manner, is the resultant of OA^ and F, 
— that is, the resultant F of the five given forces. The same 
vector, taken in the opposite direction, as shown by the 
arrow Q, evidently represents the equilibrant of the same 
given forces. 

Noting that the sides Ft, Fa\ FJ, FJy FJ of the polygon 
O At At AiA^A^O represent the given forces in magnitude 
and direction, and that the closing side R ox Q represents 
either the resultant or the equilibrant of the given forces; 
and noting also that for the construction of this polygon it is 
not necessary to draw the auxiliary vectors OAt, OA,y etc., 
the following general rule may be stated: 

Buie. — To find the resultant or the equilibrant of any num-- 
ber of concurrent forces^ draw^ in cyclic order ^ vectors represent^ 
ing the given forces^ and join the end of the last vector with the 
origin of the first. The vector thus obtained^ if taken in cyclic 
order with the two vectors between which it lies^ will represent 
the equilibrant of the given forces; if taken in 7ion-cyclic order ^ 
it will represent the resultant, 

4. The Force Polygfon. — ^The figure O A^A^A^A^A^^ 
Fig. 3, though not generally a closed figure, is called the 
force polypfon of the given forces, and the line OA^ is 
called the closing: line of the polygon. 

Usually, the lines of action of the forces are given by the 
center lines of the members of a structure or parts of a 
machine. The assemblage of these lines of action is called 
the space diagram of the given forces. It is generally 
more convenient to construct the force polygon separately; 
that is, not taking the actual meeting point of the forces as 
a starting point. Thus, Fig. 4 represents the force polygon 
(or polygons) of the forces given in Fig. 3. The point 0 
may be taken at any convenient place, and the vectors O 
A^At^ A^Am, etc., equal and parallel, respectively, to the 
given forces, drawn in cyclic order. The closing line AgO 
represents either the resultant or the equilibrant, according 
to the direction in which it is taken. That this gives the 
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same result as the one obtained before is evident from the 
equality of the two polygons. 

The order of succession in which the vectors are drawn is 
immaterial. Thus, after drawing OAx, AJ^ may be drawn 
to represent /i, then AJ^ AJ^ to represent then^/'^.^' 
to represent -F,, and, finally, AJ^ A^ to represent The 
point Aj, thus determined will coincide with the one deter- 
mined before, and the line Am, O will, therefore, be the same 
in both cases. The reason for this is obvious. liA^AF 
and A^AF are drawn, the quadrilaterals A^AF ^tAA^AF 
will be parallelograms, since, by construction, A^ AF is equal 
and parallel to AtA^y and AF AF is equal and parallel 
to A»A^, The parallelogram A»AF shows that A,AF is 
equal and parallel to A^A^i^ F^); and,' as in the parallelo- 
gram A,AF the side A^AF is equal and parallel to A»AFi 
it follows that A^, AF is equal and parallel to AxA^ (= F ,) . 
As AFAF is equal and parallel to A^At ( = J^,), the line 
drawn from A," to At must be equal and parallel to A^ AF, 
and, therefore, to Ft. So that, if the point At had not been 
already determined, it could be located by drawing from AF 
the line AF At equal and parallel to Ft, as was stated above. 
It can be shown in the same manner that, whatever the order 
followed in drawing the sides of the force polygon, the 
result will always be the same. 

6. The rule for the composition of concurrent forces can 
now be stated in the following concise manner; 

Hule . — To find the remtiant or the equthbrani of several 
concurrent forces^ draw the force polygon of the given forces, and 
close it; the closing line will represent either of the required 
forces, according to the direction in which it is taken. 

6. Conditions of Equilibrium. — Should the end of 
the last vector of the force polygon coincide with the origin 
of the first, the closing line will vanish; that is, there will be 
no resultant. This will indicate that the given forces are in 
equilibrium. Thus, if the given forces were /i. Ft, Ft, 
Ft, and Q, Pig. 3, the last vector of the force polygon would 
be At 0\ the force polygon would be closed, and the forces 
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would have no resultant. In this case, any of the forces 
may be considered as the equilibrant of the others. The 
followmg principles may, therefore, be stated. 

If the force polygon of a system of concurrent forces closes^ the 
forces are in equilibrium. 

Conversely, in order that several concurrent forces may be in 
equilibrium^ the force polygon must close For, otherwise, the 
forces would necessarily have a resultant represented by 
the closing line of the polygon. 


COPLANAR NON-CONCURRENT FORCES 


THE FORCE DIAGRAM 

7. Determination, of the Magnitude and Direction 
of the Resultant or Equilibrant of Any Number of 
Coplanar Non- Concurrent Forces. — Let F^^ 



Pig. 5 {a), be non-concurrent forces acting on a rigid body. 
It was shown in Analytic Statics, Part 2, that, so far as the 
magnitude and direction of the resultant are concerned, the 
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forces may be treated as concurrent; or, rather, the magni- 
tude and direction of their resultant are the same as the 
magnitude and direction of the resultant of a system of con- 
current forces equal and parallel to the given forces. There- 
fore, if a force polygon abode. Fig. 6 {b), is constructed by 
drawing a b equal and parallel to be equal and parallel to 
Ft, etc,, the closing vector ae or ea will represent the mag- 
nitude and direction of either the resultant or the equilibrant 
of the given forces, according as it is taken in non-cyclic or 
in cyclic order with the two vectors ab and de between 
which it lies. 

8. Kotatlon. — The following notation, which is illus- 
trated in Fig. 6 (a), is very convenient and very often used: 
The line of action of a force, instead of being indicated by 
letters at its extremities, is indicated by two capital letters 
opposite each other, one on each side of the line. For 
example, A B is the line of action of Fu and CD is the line 
of action of F^. Each letter is common to the lines of action 
of at least two forces, including the resultant (or the equi- 
librant). Thus, the lines of action of the four given forces 
and their resultant (the latter to be determined presently) 
are: AB, BC, CD, D E, and EA, 

In the force polygon, shown in Fig. 6 {b), each vector is 
denoted by two small letters corresponding to the capital 
letters indicating the line of action of the force represented 
by the vector. For instance, ab represents Fr, whose line 
of action is A B, Having drawn a b, the next vector be must 
be drawn parallel to B C, the letter B being common to A B 
and B C, In the same way, after drawing be, the next vector 
must be drawn parallel to the other line of action having C 
for one of its letters, that is, to CD, It is convenient, 
although not necessary, to draw the vectors of the force 
polygon so that the letters will be in alphabetical order. 
This mode of notation is known as Bow’s notation. 

If the magnitude of each force is indicated by F, with a 
subscript consisting of the capital letters marking the Ime 
of action of the force, we may write the following convenient 
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equations, showing the correspondence between the forces 
in the space diagram, Fig. 6 (a), and their magnitudes and 
directions as given by the force polygon. Fig. 6 {b): 

Fab — a by Fbc = bcy Fcd = cdy etc. 

It should be noticed that the pairs of letters A By B C, etc. 
indicate lines, without any reference to directions, so that 
A B has the same meaning as BA, The lines abybcy etc. of 
the force polygon, on the contrary, are vectors, whose direc- 
tions are indicated by the order of the letters. Thus, ab 
a vector whose arrowhead points from a toward by and b a 
would be a vector with its arrowhead pointing from b 
toward a. We thus have ab — Fab] but never ab — bay the 
true relation between a b and h a being ab = — b a. The 
resultant of tlie given forces is represented by ae\ their 
equilibrant, by ea, 

9 . lilne of Action of the JElesultant (or of the Kqul- 
librant) — The Force Diagram. — Having determined the 
magnitude and direction of the resultant R = ae (or of the 
equilibrant Q — ea)y Fig. 6 (^), the line of action, or the posi- 
tion of this force in the space diagram, is determined in the 
following manner: From any convenient point py Fig. 6 (^), 
draw lines pay pby pCy etc. to the vertices of the force poly- 
gon. The lines ap and pby considered as vectors in non- 
cyclic order with aby as indicated by the arrows 1 and i', 
evidently represent the components of Fab, or Fyy in the 
directions ap and^3; this follows from the principle of the 
triangle of forces. Likewise, bp and pc represent the com- 
ponents of Fbc, or F^y in the directions bp and pc\ this is 
indicated by the arrows 2 and 2'. The same is true of the 
other lines radiating from p. The figure formed by these 
lines and those of the force polygon is called a foi*ce dia- 
gram of the given forces. The point p is called the pole 
of the force diagram, and the radiating lines paypCy etc. are 
called rays. The position of the pole p being arbitrary, an 
infinite number of force diagrams may be drawn for the 
same system of forces, but they all give the same line of 
action for the resultant (or the equilibrant). 
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10. To determine this line of action, draw from any 
point Fig. 5 (a), on the line of action AB oi Fxy two 
lines PA and PB^ parallel, respectively, to the components 
1 and of represented in the force diagram by the 

vectors ap and pby respectively. Notice that the lines PA 
and PB are denoted by capital letters corresponding to the 
small letters denoting the components 1 and F. Produce 
PB to Its intersection with B C dX M„ (the line B C being 
that line in the space diagram having one of its letters, By 
the same as one of the letters of the line PB just drawn). 
From draw parallel to pCy or 2^ and produce it to its 

intersection with CDy the latter being that line in the 
space diagram one of whose letters, C, is the same as one of 
the letters of the line PC just drawn. From draw PD 
parallel to pdy meetmg DE sX Finally, from M^, draw 
PE parallel to p€y meeting at M the line PA drawn from 
The line EAy drawn through parallel to acy is the line of 
action of either the resultant R or the equilibrant Q. 

The correctness of this construction is very easily demon- 
strated. Each of the forces pASy Fbcx etc. can be replaced by 
its two components, as given in the force diagram. The force 
Fab may be replaced by two components, equal, respectively, 
to ap and p by acting along the lines A P and PBy and applied 
anywhere on those lines. These components will be desig- 
nated by Fap and Fpb^ The force Fbc may be replaced by 
its two components Fbp and Fpcy equal and parallel to bp 
and pCy respectively, and acting along the lines B P and PC. 
Similarly, Fcd may be replaced by the components Fcp and 
FpUy and Fdb by the components Fdp and Fpe* It should be 
noted, now, that the component Fpb of Fab is equal and 
opposite to the component Fbp of /ic, as is plainly shown by 
the opposite vectors pb and bp. Likewise, the component 
Fpc of Fbc is equal and opposite the component Fcp of FcDy 
and the component Fpd of Fcd is equal and opposite to the 
component Fdp of Fdb* These components, therefore, 
balance in pairs, and may be removed. This leaves the 
system reduced to the two forces Fap and Fspy whose resultant 
(or equilibrant) must be the same as the resultant (or 
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equilibrant) of the given forces. The line of action of that 
resultant (or equilibrant) must, therefore, pass through 
the point of intersection of its two components. In the 
force diagram, the two components of the equilibrant Q are 
represented by the vectors pa and pe^ whose directions are 
indicated by the arrows 5' and 5. 

THE PUNICUIjAR OB EQUILIBRIUM POLTGON 

11, Definition and General Properties of the 

Funicular. — The polygon Fig, 5 (a), whose 

vertices are on the lines of action of the forces (the result- 
ant or the equilibrant included), and whose sides are parallel 
to the rays of the force diagram, is called an equilibrium 
polygon, a funicular polygon, or simply a funicular of 
the given forces. Since both the pole p of the force diagram, 
Fig. 6 (^), and the starting point Mi, Fig. 5 (a), of the funic- 
ular are arbitrary, it is evident that to any system of forces 
there corresponds an infinite number of funiculars. The 
vertex M of the funicular, however, is always on the line 
of action of the resultant R or the equilibrant Q of the given 
forces. 

12. The sides of the funicular are called strings. As 
already explained, they are the lines of action of the com- 
ponents represented in magnitude and direction by the rays 
of the force diagram. 

In the space diagram, the two strings parallel to the rays 
representing the components of one of the forces intersect on the 
line of action of that force. Each string is cominon to two forces 
whose lines of action have a common letter. Also, each siring is 
drawn between the lines of action of the two forces whose vector 
representatives in the force polygon intersect on the ray parallel 
to the siring i7i question. Thus, the string PB is parallel to 
the ray p h, and is drawn between A B and B C, whose corre- 
sponding vectors a h and b c meet on the ray p b. 

These are convenient relations to remember, as they 
facilitate the work of construction, making it to some extent 
mechanical. 
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13. There is another important and useful property of 
the funicular, namely: If any two strings of the funicular are 
produced^ their point of intersection will be a point on the line of 
action of the resultant {or the equilibrant) of the forces acting 
through the other vertices of the new funicular thus formed. 

For example, if P B, Fig, 5 (a), is produced to its inter- 
section M' with P£, Si new funicular will be 

formed, and M' will be a point in the line of action of either 
the resultant or the eqmlibrant of the forces acting 

through the vertices M^. This follows from the 

general principles explained in connection with the deter- 
mination of the point M, When the force is left out of 
consideration and the funicular is constructed, begmning at 
PB IS its. first string, and the point M* where this 
string intersects the last one PE determines a point in the 
line of action of either the resultant or the equilibrant of 
the forces considered. The magnitude and direction of the 
resultant are given by the vector be (not drawn) in the force 
polygon, Fig. h {b), 

14. The Funicular as a Jointed Frame. — Suppose 
the strings P Ay PBy PCy PDy PEy Fig. 6 (a), to be 
replaced by bars jointed at the points Mu Mm. etc., and sup- 
pose also the forces Fi, F^y Fay F, and the equilibrant Q to 
act at these jomts, respectively. It is evident, then, that 
the frame formed by the bars will be in equilibrium, for 
each force can be replaced by two components — one along 
each of the bars at the intersection of which the force acts. 
But it has been explained that, for either component of 
any of the forces, there is an equal and opposite component 
of another force, balancing the former component. For 
example, the component of Fa along Mm Mm is equal and 
opposite to the component of Fm along the same line. 
Each bar being thus in equilibnum, the whole frame is in 
equilibrium. 

It IS also obvious that the equal and opposite components 
acting along any of the bars measure the stress in that bar. 
The following proposition may, therefore, be stated: 
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When a frame with no diagonal members is in equilibrium 
under the action of forces applied at its joints^ the frame is a 
funicular of the applied forces^ and the rays of the force diagram 
represent the magnitudes of the stresses in the 7?iembers of the 
frame to which they are parallel. 

16. Special Conditions. — In the case represented in 
Fig. 6 (^), the origin a of the first vector and the end e of 
the last vector of the force polygon do not coincide. In 
this case, the forces have a single resultant R represented 
in magnitude and direction by the vector ae^ and whose line 
of action AEy Fig. 5 {a), is determmed by constructing 




the funicular as explained above. Since PA and PE are 
parallel, respectively, to the two intersecting lines pa and pe, 
they must intersect and thus determine a point M in the line 
of action of the resultant *( or equilibrant). 

If the points a and e of the force polygon coincide; that is, 
if the force polyon closes, the forces either form a balanced 
system or are equivalent to a couple. Which of these two 
conditions obtains is determined by means of the funicular 
as follows: 

1. In Fig. 6 IS represented a system of four forces, FAR^ 
Emc^ PcDy and Fi>Ei whose force polygon abcde closes, that 
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is, when the vectors aby bc^ cdy and de are drawn to repre- 
sent the given forces, the end e of the last vector de falls on 
the ongin a of the first. Taking any pole py and drawing 
the rays pa^pby pCy and pd, the ray pe coincides with pa. 
Starting from any point My on A By PA and PB are drawn 
parallel, respectively, to pa and pb. From M^y where PB 
intersects B Cy PC drawn parallel topCy meeting CD at Mz. 
Prom M^y PD is drawn parallel to pdy meeting PA at M^. 
Fmally, from M^y PE is drawn parallel to pe. As pa coin- 
cides with pCy it IS evident that PA and PE must either 



coincide or be parallel. In the case represented in the figure, 
they coincide; this shows that the given forces form a bal- 
anced system. For, as already stated, the sides of the funicu- 
lar are lines of action of components represented in magni- 
tude and direction by the rays of the force diagram. In the 
case considered m Fig. 6, all these components balanced in 
pairs, except the extreme components ap and pe\ and this 
left the system reduced to two forces acting along PA and 
PEy whose resultant was the resultant of the given forces. 
In the present case, the components ^^and pby cp and/^r, dp 
and pd form balanced pairs, as before, and as the remaining 
components a p and Pe are equal in magnitude and opposite in 
direction, and have the same line of action PA or P E% 
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they balance each other. The system is, therefore, in 
equilibrium. 

2. In Fig. 7 are represented five forces Fab, Fbc, Fcd, Foe, 
and Fef, whose force polygon abode f closes, the end of the 
vector ef coinciding with the origin of the vector ab. As 
before, the force diagram is completed by drawing the rays 
from any pole p, and then the funicular etc. is 

constructed. The given forces can be replaced by two 
forces represented by the vectors pa and /p ap). Here, 
however, these components, although equal and opposite, 
have not the same line of action, but act along the parallel 
lines PA and PF, The system is, ihereiore^ equivalent to a 
couple whose moment ts obtained by multiplyiug the magnitude 
o£ the force represe7ited by the vector pa by the perpendicu- 
lar KL between the sides of the funicular parallel to that vector^ 

16. Graphic Oondltions of Equlllhrlum. — From the 
foregoing discussion, the necessary and sufficient graphic 
conditions for the equilibrium of any system of coplanar 
forces follow at once. They are: 

1. The force polygon must close; for, otherwise, the vector 
drawn from the origin of the first vector to the end of 
the last (that is, the closing line of the polygon) would give 
the magnitude and direction of the resultant, which obviously 
would not be zero. 

2. The last siring PE^ Fig. 6, of the funicular must coin- 
cide with the first PA; for, otherwise, the forces would be 
equivalent to a couple, as explained in the last article. 

Conversely, if the force polygon of a system of forces closes, 
and the last siring of the funicular coincides with the first, the 
forces form a balanced system. 

Noth — When the funicular is spoken of, any funicular that is drawn 
is meant 


17. Parallel Forces. — When the given forces are all 
parallel, the construction is much simplified, as in such a 
case the force polygon reduces to a straight line In Fig. 8, 
Fab, Fbc, Fcd, Fdb, and Fef are given parallel forces acting 
along the lines AB, B C, etc. in the directions shown by the 
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arrows. It should be noted that letters which are common 
to the lines of action of two forces are written only once and 
placed between the two lines to which they are common. 
This IS often done when there is no danger of confusion; 
otherwise it is preferable to repeat the letters, as in the 
funicular MxM^M^^ etc., shown in the same figure. Were 
there no lines crossing the polygon, it would be sufficient to 
write the letter P once anywhere inside of it. In the present 
case, however, this might be confusing. 

To construct the force diagram, draw an indefinite line X y, 
Fig, 8 (3), parallel to the common direction of the forces. 
From any convenient point, as a, lay off the vector ab to 
represent Fab (no arrowhead is necessary, as the direction 
of the vector is indicated by the order of the letters a and b). 



From b lay off the vector be to represent Fbc] from c lay off 
the vector to represent FcDt and so on for the other 
forces. The last vector is ^/, representing Fsf- The clo- 
sing line of the polygon is the line af joining the origin of 
the first vector with the end of the last. The resultant of 
the given forces is, therefore, represented in magnitude and 
direction by aiy the equilibrant, by /^. 

The line of action AFoi the resultant (or the equilibrant) 
is found in the usual manner, by selecting a pole py drawing 
the rays pa^pb, etc., and then constructing the funicular 
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GENERAL SOLUTION OP SOME 
IMPORTANT PROBLEMS 


PROBLEMS ON CONCURRENT FORCES 

18. Problem I. — To resolve a force into two components 
along lines meeting on the line of action of the force. 

This problem has been of constant occurrence in Analytic 
Statics^ and its graphic solution has been indicated as a neces- 
sary step in the analytic solution. It is repeated here as 
a review of the principle of the parallelogram of forces 
X, and the derived principle of the 
triangle of forces, which princi- 
form the foundation of all 
graphic methods. 

Let Fig. 9, be a force acting 
at O, and let Fi and F, be 
lines along which it is desired 
to resolve F, The resolution 
may be accomplished by draw- 
ing from A the line A Ai parallel 
to F, meeting Xi F, at A^; 
or A A^ parallel to F^ X^, meeting X^ Fa at A^^ In the former 
case, the component OA^^F^ along Xx Fi is determined in 
magnitude, position, and direction, and the component Ax A 
= F^ in magnitude and direction, its position being under- 
stood to be O A ty along X^ F,; in the latter case, OA, = F, 
is determmed in magnitude, position, and direction, and A^A 
= Fx in magnitude and direction, its position being under* 
stood to be OAx along Xt F,, 

Usually, it is not necessary to show the components in 
position, and then either of the triangles OAAx, OAA^ is 
sufficient for the solution of the problem. Should it be 
desired to show the component in position, it is better to 
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construct the two- triangfles, or the parallelofiram OAiAAm*^ 
The components can also be determined by means of one 
triangle, as OAAx, and then OA, — Ax A may be laid off 
along O y, without drawing A At. 

The last remark, be it understood, refers to the case in 
which the components are to be shown in position m the 
space diagram. Usually, however, as has been repeatedly 
observed, it is neither necessary nor convenient to show the 
magnitudes of all the forces in the space diagram, and the 
geometric constructions are better effected separately. This 
is almost invariably done in the graphic solution of static 
problems, and the principle of the triangle of forces, from 
which the polygon of forces is directly derived, is used. 


19. The general method used in graphic statics for the 
solution of the problem stated and solved above is as follows: 

Let the given force 
be Fab^ Fig. 10, and 
let the Imes of action 
of the required com- 
ponents he B C and 
CA, At any con- 
venient place draw a 
vector ab to repre- 
sent Fab* From a and b draw the indefinite lines a and bd\ 
parallel, respectively, to C and B C, and meeting at c. The 

vectors a c and c b^ both in non-cyclic order with a by are the 
required components of Fab* 



Fig 10 


20. Problem II. — In a balanced system of concurrent 
forceSy the lines of aciiony magnitudeSy and directions of all the 
forces but two are knowUy and also the lines of action of the other 
two. It is required to find the magnitudes and directions of 
these two. 

Let the forces be six, of which Fas^ Fbc, Fcd, Fdb$ 
Fig. 11 (a)y are completely known, while of the other two, 
only the lines of action FF and A Fare known. Starting at 
any convenient point a, Fig. 11 (b)y draw the force polygon 
ahcde for the known forces. Through a draw the indefinite 
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line fl'/, parallel to AFoi Fig. 11 (^i); and through e draw 
the indefinite line <?'/", parallel to £F oi Fig. 11 {a), and 
intersecting a' F at /. Then will ei and /a he the required 



forces, the arrows being marked so that each vector will 
be in cyclic order with the two between which it lies. 


PROBLEMS ON NON-CONOURRBNT AND ON 
PARALLEL FORCES 

21, Problem m . — A rigid body is in equilibrium under 
the action oi several forces of which all but two are wholly known 
Oi the other iwoy ike line oi action oi one and a point in the line 
oi action of the other art known. It is required to determine 
completely the two latter forces. 

Let the forces be six, of which Fab^ Fncy Fcd^ and Fob are 
entirely known, as shown in Fig. 12 (a). Of the fifth force 
FsPi only the line of action EFis known, and of the sixth 
force FpAi only a point on its line of action is known. 

Draw the force polygon abcde^ Fig 12 (/;), for the known 
forces, and, taking any pole py draw the rays pa^ pby pCypdy 
and pe Through e draw the indefinite line F /' parallel to 
the given line of action EF, Construct the funicular for the 
given forces, drawing the first string PA so that it will pass 
through Mty which is done by drawing PA through and 
parallel to to meet AB at Af, and then drawing PB, 
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PC, etc. in the usual manner. The string: PS^ from the last 
of the known forces D E, meets the given line of action of 
EF^X. Draw and from the pole p draw pf par- 
allel to meeting f at /. Finally, draw fa\ then will 

the vector ef represent Fsir and the vector /a will represent 



FpAy the required force through The line of action of 
the latter force is FA, drawn through parallel to fa. 


22. Special Case of the Preceding Problem: Four 
Forces. — An important special case of the preceding prob- 
lem is that in which the number of forces is four, and the lines 
of action of the two completely known forces intersect. The 
solutmn may be efEected either by the general method 
explained above, or by the following special method. 

Let Fab and Fsc, Fig 13, be the wholly known forces; 
CD, the line of action of one of the partly unknown forces; 
and K, a point in the line of action of the other. 
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First determine the resultant R of Fab and Fbc, by the 
force triangle a be. The line JH, drawn parallel to a c 
through the intersection If of A B and B C, is obviously the 
line of action of R. It is also obvious that R is the equili- 
brant of the yet unknown forces Fen and Fad^ These three 
forces must, therefore, be concurrent, so that, if / is the 
j intersection oi If J and 

C A the line of action of 
j /> is determined by 

joining If to I. Having 
the lines CD and DA, 
the force polygon is 
completed by drawing 
parallel to CD, 
and a d/ parallel to A D. 
The intersection of 
these two parallels is 
the fourth vertex of 
the force polygon 

23. Problem IV; 
Polygonal Frame. — A 
polygonal frame {that ts, 
a frame without diagonal 
members) is in equilib- 
„ rium under the action of 
^ forces acting at the joints. 

PiQ ** Of these forces, one is 

wholly known, and the lines of action of all but one of the others 
are known. It ts required to determine the unknown elements of 
the forces not wholly known, and also the magnitudes and char- 
acters of the stresses in the members of the frame. 

Let Pig. 14, be the given frame, Fab, the 

force that is wholly known, and B C, CD, D E, EF\h^ lines 
of action of the forces acting at J^, etc The force Ffa 
acting at /. is entirely unknown. The letters B, C D, it 
will be noted, are written only once, each m the space 
bounded by the lines to which the letter is common; the 
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letters A and E are repeated for convenience. The letter P, 
being common to all the sides of the frame (smce these 
sides, as explained in Art. 14, form the strings of the funic- 
ular of the forces pAsy Fbc% etc.), is written only once, in the 
center of the polygon. 

The forces Fab^ Fbc, etc. are external forces, which induce 



in the bars internal forces. The latter occur in pairs, each 
pair consisting of the equal and opposite forces acting along 
a bar. Either of these forces measures the stress in the bar 
In the general problems solved and discussed in previous 
articles, the funicular has not been given, and the pole of the 
force diagram has been assumed arbitrarily. Here, how- 
ever, the pole is determined by the data. Having drawn the 
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vector a 3 = Fab, the rays from a and h must be parallel to 
the strings PA and PB^ respectively — that is, to and 
y, y,. Therefore, if from a and b are drawn ap and 
parallel, respectively, to A P and B P, their intersection p 
will be the pole. The next line in the force polygon must 
be parallel to B C, and the next ray must be parallel to PC 
Therefore, \i bd and parallel, respectively, to and 
PCy are drawn, their intersection c will be the end of the 
vector bcy representing Fbc- Likewise, the intersection d ot 
the lines cd^ and pd^^y parallel, respectively, to CD and PDy 
is the end of the vector cd representing Fcd^ The forces 
Fde and Fef are determined in the same manner. Finally, 
the closing vector fa of the force polygon determmes Ffa in 
magnitude and direction. 

24. The stresses in the members are determined by the 
rays of the force diagram. If, for instance, the two members 
PB and PA meeting at the joint J, are cut by a plane 
and the part at the right of is removed, the part on the 
left will be in equilibrium under the action of the force Fab, 
and two forces (now considered as external) acting along 
PA and PB\ the latter two forces measure the stresses in 
those two members (See Analytic Statics, Part 1 ) 

Now, in the force diagram, a b represents Fab, and, since 
bp and pa are parallel, respectively, to PB and PA, or J,J^ 
and y y, the vectors bp and pa, taken, as indicated by the 
order of the letters, m cyclic order with ab, will represent 
the equilibrants of Fab along the lines yy and yy, and 
will, therefore, measure the stresses m PB and PA, lespect- 
ively. These stresses will be designated by the notation Spb, 
Spa Their characters are easily determined by the directions 
of the vectors Thus, when the portion of the frame at the 
right of X, Y, is removed and the forces b p and p a are applied, 
respectively, at the intersections of A", Y, with y y and y y, 
it IS seen that bp, whose direction is from y to y, acts 
away from the joint, showing that the stress m is a 
pull The force pa, on the contrary, will act toward the 
joint y, which shows that the stress in PA is a thrust. 
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The stresses in the other members are determined in a 
similar manner. 

25. Stress Diagram. — It will be noticed that, for the 
determination of the stresses, the triangle formed by each 
vector of the force polygon and the rays drawn to its extrem- 
ities is considered as a force triangle. If there were more 
than one external force acting at any joint, the polygon 
formed by the vectors representing these forces and by the 
rays parallel to the members meeting at the joint would be 
used as a secondary force polygon, the same as the force 
triangle has been used above. 

When the force diagram is employed as a combination of 
force polygons for the determination of stresses, it is called 
a stress diagram. If each joint of the frame is denoted 
by the letters indicating the members meeting at the joint, 
the triangle having corresponding letters in the stress 
diagram will be the force triangle for that joint. Thus, the 
joint ^4 may be called joint DEP, and the triangle dep in 
the stress diagram is the force triangle for the equilibnum 
of the forces acting at 7*, from which triangle the stresses 
SpD and Spa are determined 

Arrowheads might be drawn on the rays of the stress 
diagram to indicate the direction in which forces represented 
by those rays are to be applied to the members cut; but, as in 
this case each ray would have two arrows pointing in opposite 
directions, these arrows might prove a source of confusion. 
Besides, the arrowheads of the force polygon are sufficient 
for the determmation of the directions of the forces repre- 
sented by the rays. Consider, for example, the joint J., or 
A BP, whose corresponding force tnangle is a bp. Since, in 
this triangle, the vectors must be in cyclic order, and since 
the origin and the end of the vector ab are known, the 
direction of each of the other two vectors follows at once. 
The end b ot a b must be the origin of the next vector, which 
is, therefore, bp and not pb. Likewise, the other vector is 
pa and not ap. 
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ILLUSTRATIVE EXAMPLES 

26 . Triangular Truss. — A tnangular frame or truss 
JxJ^Jzy Fig. 16, supported at the joints and which are 
on the same horizontal line, carries a weight of 800 pounds 
at the upper joint The dimensions being as shown, it is 
required to determine the reactions of the supports, and also 
the stresses in the three members of the truss. 

Owing to the symmetry of the structure, the reactions, 
supposed to be vertical, are each equal to one-half the load, 
or 400 pounds. Their lines of action are indicated by ^ ^ 
and B C The line of action of the applied weight is the 



vertical A C, through J^. For convenience, the magnitude 
and direction of this weight are represented by a vector with 
its arrowhead pointing toward Jt from above. The notation 
does not require any explanation, as it is the same notation 
used in previous articles. 

As explained in Art. 14, the truss is a funicular of 

the forces Fab^ Fac\ and, as explained m Art 26, the 
stress diagram is a combination of force triangles, each of 
which consists of vectors representing the foices acting at a 
joint. Starting with the joint Ti, the vector ab — Fai^ and the 
rays ap and pb^ parallel, respectively, to the members AP 
and PB, are drawn. These rays meet at the pole p. Then 
hp and ^ a will represent Sbp and Spa, respectively. Since bp, 
when applied along BP, points away from the joint 7,, the 
stress Sbp is a pull. The force pa, on the contrary, when 
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applied along: PA^ is directed toward the joint, which shows 
that 5 a# is a thrust. 

The line may be drawn parallel to PC to meet dc^ 
(parallel to B C, and, in this case, in line with a d) at and 
the triangle bcp will give both Fsc and the stress m PC\ 
but this is not necessary, as, owing to the symmetry of 
the truss, Fab = Fscy and S^a — Spc* 

27. Scale Used. — In the solution of this problem, a 
scale of 1 inch to the foot was used for distances, making 
the drawing of the truss 12 inches long and 3 inches high. 
For the forces, a scale of 100 pounds to the inch was used, 
making ah ^ inches long If all the stress diagram acp had 
been drawn, this scale might have been inconveniently large; 
but only the diagram abp for the joint A BP or Jt was 
drawn, this being sufficient, as already explained. For this 
kind of work, a decimally graduated triangular scale (one 
having scales divided into tenths, twentieths, thirtieths, etc. 
of an inch) is preferable to the scales used in ordmary 
mechanical drawing The scale of fortieths is a convenient 
one to use. In the present case, iV inch represented 
2.5 pounds, and assuming that the drawing was correct 
within iV inch, the forces determmed by it may be con- 
sidered correct within 2 or 3 pounds. The line bp was 
found by actual measurement to be 8 inches, and the line^tf, 
SfJ inches. Denoting, therefore, compression and tension 
by the plus and the minus sign, respectively, 

Sbp = — 8 X 100 = — 800 pounds. 

Sap = Scp = + S'H X 100 
= + (800 + 37 X 2.5) = + 893 pounds. 

No fractions of a pound are written, as the results can- 
not be expected to be exact within less than 2 or 3 pounds. 

In the solution of static problems by graphic methods, as 
large a scale as possible should be employed. The draftsman 
should use his judgment as to the degree of approximation 
attained If, for instance, he thinks that, on an average, the 
lengths of the lines are correct within -gV mch, he may measure 
them in inches and fiftieths, and consider the forces, obtained 
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in this manner, as correct within about as many pounds or 
tons as are represented by -gV inch, accordmg to the scale used. 
Thus, if the scale used is 1 ton to the inch, a length of A inch 
will represent -gV ton = pounds = 40 pounds, and a 
line found to measure 4-^ inches in length will represent 
4 X 2,000 + 7 X 40 = 8,280 pounds, within adoui 40 pounds. 

28. Roof Truss. — A roof truss J^, Pig. 16, with 
dimensions as shown, is loaded at the joints in the manner 
indicated m the figure The supports Ji and are on the 
same level, the member (P-Pb, is horizontal, and the 

members Pi P. and P*P« are perpendicular, respectively, to 
Pi 7, and 7.7. at their middle points. The forces acting at 
the joints are supposed to be the resultants of weights, and 
act, therefore, vertically. The reactions and J^gf are also 
supposed to be vertical. It is required to determine the 
magnitudes of these reactions and the magnitudes and 
characters of the stresses in the members of the truss. 

From the symmetiic distribution of the forces, each reac- 
tion IS equal to one-half their sum, that is, = 2,000 

pounds. It will be observed that each triangle in the truss 
is designated by a single letter, common to the lines of the 
triangle Also, the lines 7,7, 7,7, 7.7, have the common 
letter G. The reason for this is that in the force diagram 
the rays parallel to the three sides of each triangle radiate 
from a common point, and that the rays parallel to 77, 
7,7„ and 7.7. also radiate from a common point, as will be 
seen presently. 

For the determination of the stresses, any joint may be 
taken at random, and the force polygon for the forces acting 
at that joint constructed, provided that all the forces but two 
are known. Usually, one of the joints at the supports is the 
most convenient to begin with, not only because the stress 
diagram is thus more methodically constructed, but also 
because, in the majority of cases, the joints at the supports 
are the only ones for which the force polygon can be con- 
structed independently of the force polygons corresponding 
to the other joints. 
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Starting with 7i, there are four forces acting at that joint; 
namely, Fga^ Fab^ Sbpj^ and Spjg* Of these, the first two are 
known; therefore, the other two may be determined by con- 
structing the force polygon gabpxg, as in the problem 
solved in Art. 22; that is, by drawing, to any convenient 
scale, ga = Fga = 2,000 pounds; ab — Fab = 500 pounds, 
and then from b a parallel bpj to B and from ^ a parallel 


yiooo 




gpF to meeting bpj at p^. As GA and AB are 

parallel (or, in this case, coincident), the vectors ga and ab 
run along the same line, but in opposite directions The 
lengths of the lines bp^ and p^g, multiplied by the scale of 
reduction, give Sspi and Sp 2 g If were applied along 
B Pxy its direction would be toward the joint and, if p^g 
were applied along Px G, its direction would be away from 
joint Hence, Sbpi is a thrust and Sp^g a pull, that is, B P^ 
is in compression, and P^ G is m tension. It is to be repeated 
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here that, in determining Ssj»j and Spja what has been really 
determined in either case is one of the two equal and oppo- 
site forces constituting the stress m the member in question; 
the force, namely, consisting in the action of the member 
on the joint considered. Thus, the vector represents 
the action of the member BPi on the joint J^. As stated in 
various other places, the members BPi and PiG may be 
imagined cut by a plane X K, and the force polygon, as 
constructed, gives the external forces and ^i^that must 
be applied at the intersections of XV with JiJa and in 
order to balance g^a and ad. These forces represent the 
action exerted by the part of the truss at the right of XY 
on the part at the left, which action is transmitted along J^Ji 
and JrJi. The action of the part of the truss at the left 
of A" F on the part at the right is equal and opposite to the 
action before referred to; so that, if the equilibrium of the 
part on the right is considered, the external forces that must 
be applied to the members cut must be equal and opposite to 
those introduced when the equilibrium of the other part was 
considered; and, therefore, in the construction of the force 
polygon, the vectors bp^ and p^g may be used, but with their 
directions reversed, in which case they become pxb ^ndgpx, 
respectively. The same thing may be expressed by saying 
that the actions of a member on the joints at its extremities 
are equal in magnitude, but opposite m direction. 

The joint is to be considered next. The forces acting 
on it are Fp^b, Fscy Fcp^t and Fp^pj, of which only the last 
two are unknown. In the stress diagram already drawn, 
pxb ^ SpjB, Laying off be =: Fbc = 1,000 pounds, and 
drawing from Px and c parallels to PxPu and CPa, respect- 
ively, pxbcp^px is determined as the force polygon for the 
point this determines ScPi and Sp^pj, 

Now pass to y,, for which Sgpi and Spip^ are known and 
represented in the stress diagram by gpx and pxpx (notice 
the order of the letters). Drawing and gp^^^ parallel, 
respectively, to P^ P^ and G P^^ gpx A A determined as 
the force polygon for the iomt y, from which and Sgpi 
can be determined. 
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Since the truss is symmetrical, it is not strictly necessary 
to draw the rest of the stress diagram. When space permits, 
however, it is advisable to complete the diagram, as this 
affords a good check on the work. For joint Ti, one force. 
FcDy IS given, and two, Sp^p^ and Sp^c, have already been 
determined. These forces are represented by cd^ AAi and 

c. The lines dp^ and A» parallel, respectively, to D and 
complete the polygon p^ptcd AA for the joint 7,, or 
CD P^Pj,, If the work has been accurately done, there 
must obtain dp^ = cp^, AA = AA- The construction of 
the polygon for the joints /*, 7,, and is left as an exercise 
for the student 

It will be again noted that the force polygon for any joint 
has the same letters as the lines meeting at the joint, and 
that the directions of its vectors are obtained by starting with 
one whose direction is known and taking the others in cyclic 
order. Thus, for the joint /a, or DEP^P^D, the polygon 
is dep^p^d. The direction of <?A shows that EP^ is in 
compression, etc. In the case of 7,, where there is no 
external force applied, it will be observed that the direction 
of the vector parallel to P^ G must be opposite what it is for 
the joint /x* Now, for this joint, the force polygon \sgahp^g^ 
in which the vector parallel to P^ G is p^g. Therefore, the 
direction of the vector represented by the same line in the 
polygon for must be ^Ai the direction of the other 
vectors is determined as above. 

By actual measurement, the following results, which the 
student should verify, have been found: 

Sbpi = SsPs = + 6,150 poimda 
Scpz = Sdp 4 = + 5,860 pounds 
ScPi = Sgps = — 5,860 pounds 
Spipi = SpiP 4 = “f" 950 pounds 

SpiPj — Sp 3 P 4 = — 2,600 pounds 
Sgps = — 3,850 pounds 

These results are correct within about 30 pounds. Besides 
the construction of the diagrams, the work should be checked 
by the method of sections (see Analytic Statics, Part 2). If 
the truss is cut by the plane Z £/, intersecting the three 
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tnembers C P„ P% and P» G, and moments are taken about 
Jn, we get, remembering that Pc^ = 2,000 pounds, 

2,000 X 26 — 600 X 26 - 1,000 X 12 6 - Sgp, X 7.6 = 0 

whence, Sgps = = 3,333 pounds 

7.0 

which differs but little from the result found graphically and 
given above. 

29. The vectors representing the external forces have 
been drawn as they have been required Usually, however, 
it is better to begin by constructing the complete force 
polygon (in this case a straight line) for the external forces. 
This procedure is strictly necessary when the reactions are 
to be determined graphically. 


30. Crane. — A weight of 12 tons is supported by a crane 



consisting of a mast 
or post EJty Fig. 17, 
that fits and may turn 
in a socket in a block 
B L\ an inclined post 
or jib /i/i, from 
which the weight is 
suspended; a stay 
JxJ^, which may be 
either a rod or a rope, 
and the backstay 
which also may 


Fig 17 


be either a rod or a 


rope, and is fastened to a honzontal plank 7. K. The inclina- 
tions of the various members to the vertical are shown in the 
figure. In order to avoid bending and upsetting, it is desir- 
able that the resultant of the external forces applied at the 
crane should be vertical and pass through the support E of 
the post. To accomplish this end, weights W^y are placed 
on J^K to counteract the upsetting effect of the eccentric 
load acting through 7, These weights are supposed to be 
equal and placed at equal distances from Ti, so that their 
resultant W may be treated as a single weight acting 
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through Ji It is required to find the weight the reaction 
at E, and the stresses in the various members. 

As usual, external forces are assumed to act at the inter- 
sections of the center lines of the members directly affected 
by them, and internal forces along those center Imes. 
Fig. 18 shows a skeleton diagram of the crane, and a force 
diagram whereby the weight W = Fca, the reaction Fjsc at 
and the stresses in the members are determined. The nota- 
tion need not be explained. To determine Fbc and Fca^ the 



method explained in Art. 17 is used. Having drawn an 
indefinite vertical line X Yy the vector ab = Fab = 12 tons 
is laid off anywhere on it, to a convenient scale. A pole p is 
chosen, and the rays pa and pb are drawn. From any 
point My on A By MyM^y or PBy is drawn parallel to pb^ 
meeting B C 2 X M^; MyM^ is drawn parallel to pa^ meeting 
CA^\.M:y Through py the line pcis drawn parallel to M^ M^y 
meeting XY dX c Then, be ^ Fsc and ca — Fca = W. 

Starting now with /i, the force polygon abp^a is con- 
structed in the usual manner by drawing bpy and apy paral- 
lel, respectively, to B Py and APy. The construction of the 
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polygons for the other joints is effected as in Art. 28. The 
results, which the student should verify, are as follows: 

W = Fc^ — 49.2 tons, Fbc = 61.2 tons 
Sbpj = "f* 40.2 tons, Sjijjt = — 32. B tons 
Spjp^ = "1“ 32,8 tons, JSpj^ = — 56.8 tons 
SpiC = + 28.4 tons. 

Note — Since, m this case, the directions of the members are given 
by angles, the stresses are independent of the height of the crane. 


^ EXAMPLE FOR PRACTICE 

The derrick represented in Fig 19 supports a load of 12,000 pounds 
at Ji, The dimensions being as given, find the reactions at y, and 
and the stresses in the members. 

f/e^c = 9,240 lb ; JecB => 18,440 lb. 
Ans.{‘S'^i»/ = —9,240 lb , Sjipj -- 10,000 lb, 

[•Spipj = + 10,600 lb ; =» + 10,000 lb. 



O' 
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Note --I n this case. /’a Is the line of action of the reaction at Js The three 
Bjctemal forces acting: on the derrick are the load at Ji and the reactions at Js and Ja. 
Since three forces that are In equilibrium must be concurrent (see Analytic Statics 
Part 2), the line of action of the reaction at^a must pass through the point of Inter^ 
section of A Pa and the vertical A B (line of action of the suspended weight). 
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GRAPHIC DETERMINATION OP 
MOMENTS 

GBNERAi CASE 

31. Moment of a Force About a Point. — Let jFASt 
Fig. 20, be a force whose moment about a point O is 
required. The shortest and most direct method of obtaining 



the required moment in this simple case is to measure the 
perpendicular ON from the point O to the line and 
multiply It by the magnitude of the force There is, however, 
another method, which finds its application in cases in which 
the force itself is not given, but m which its components or 
its equilibrants along given lines are known. 
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Draw the vector ab ^ Fas^ assume the pole p, and draw 
the rays pa and pb\ also, ph^ perpendicular to ab. From 
any point J on A B draw the strings PB and P and 
through the given point 06t2lwA' B' parallel to A B^ meeting 
PA and PB at K and Z, respectively. Draw JI perpen- 
dicular to B* and AB^ and, therefore, equal to ON* 
Tf the required moment is denoted by we may write, 

M = FabX on abxJI {a) 

The similar triangles JKL and pab give 

^ = ^,abXJI = phxKL 
ph, J 1 

Comparing the second of these equations with (a), we get 
M^phxNL (b) 

It is obvious that, so long as the pole p remains the same, 
the distance -ArZ is independent of the position of the point J 
from which the strings are drawn. For, if any other point, 
as Zi, is taken and the strings drawn as shown, intersecting 
A^ B^ at Kx and Z,, the triangles and JKL are 

equal, and, therefore, Kx Lx — KL> The distance KL vanes 
according to the position of the pole; but, since M can have 
but one value, it follows from (^) that the product/ A X KL 
is constant. 

32. Tlie Intercept. — The distance KL^ Fig, 20, is 
called the intercept of the force Fabx with respect to the point O 
and the pole /. The following general definitirn may, there- 
fore, be given: The Intercept of a force with respect to 
a given point O in the space diagram, and a given pole p in 
the force diagram, is the segment that the strings of the 
force intercept on a line drawn through the given point 
parallel to the line of action of the force, 

33. The Normal Ray. — In the triangle a bp, the vectors 
ap and pb represent the components of Fab in directions 
parallel to AP sind PB. Each of these components can be 
resolved into two resolutes: one along the line of action of 
the given force, and one perpendicular to that line. The reso- 
lutes oi ap 3ie ah and hp, and those oi pb bto ph and hb. 
The line hp represents, irrespectively of its direction, the 



§66 


GRAPHIC STATICS 


85 


magnitude of either of the two resolutes perpendicular to 
AB^ and will be called the normal ray of the force Fab- 
This term is here introduced as more logical and consistent 
than the term pole dutamey used by other writers on graphic 
statics. 

34. Moment of a Force In Terms of the Intercept 
and the Normal Ray. — If the normal ray is denoted by Fn^ 
and the intercept by z, equation (^) of Art. 31 may be 
written M — F»t, 

In words, the moment of a force about a point is equal to the 
product of the normal ray and the intercept of the force^ both 
referred to the same pole 

The true magnitude of the normal ray is found by multi- 
plying the length of the Ime phhy the scale of forces, and 
the true length of the intercept i is found by multiplying the 
length of K L by the scale of distances Thus, if the forces 
are laid off to a scale of 100 pounds to the inch, and ph\^ 
found to measure 2.75 inches, then Fn will be 2.76 X 100 
= 276 pounds. If the scale of distances is 20 feet to the 
inch, and KL is found to measure ’h inch, then i will 
be 20 X A = 4.5 feet. These values in the formula give, 
M = 275 X 4.6 = 1,237.5 foot-pounds. 

36. Resultant Moment of Several Forces. — Since 
the resultant moment of several forces about any point is 
equal to the moment of the resultant of the forces about the 
same point, it can be found graphically by the method 
explained above, after the resultant of the forces has been 
determined. As an example, let it be required to find the 
resultant moment of the forces Fab^ Fbc^ Fcb’^ and Fdb^ 
Fig. 21, about the point O* The force polygon abcdea^ 
constructed in the usual manner, gives the magnitude and 
direction of the resultant, represented by the vector ae. 
The funicular JxJtJnJ 4 ,J is next constructed. A parallel to 
ae drawn through J would be the line of action of the result- 
ant; but it is not necessary to draw that line. The strings 
of the resultant are A P and PE, and they intercept the seg- 
ment KL on a line drawn through 0 parallel \xyae\ therefore, 



36 


GRAPHIC STATICS 


is the intercept of the resultant. The normal ray ot the 
resultant isfik, perpendicular to ae; therefore, the required 
resultant moment isph X care being taken before per- 



forming the multiplication to make the proper reductions, 
according to the scales used. 


PARALIjEL forces 

36. The Practical Problem, — The foregoing method 
finds Its most common and useful application in the case of 
parallel forces, such as the weights acting on a structure. 
The problem, as it occurs in practice, may be stated in the 
following general terms: 

Given a balanced system of ifarallel forces^ required the 
resulhani momeniy about any point in the plane containing the 
forcesy of all the forces on either side of the poinU 

Let pABy Facy etc.. Fig. 22, be the given forces; pabcdy 
etc. their force diagram; and etc., the corresponding 
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funicular. As the forces are all parallel, they all have the 
same normal ray ph^ which is also the normal ray of the 
resultant of any number of them Let^it be required to find 
the resultant moment, about a point 0, of all the forces on 
either side of that point. 

The forces being m equilibrium, the resultant moment of 



the forces on either side of O is equal in magnitude, but 
opposite in sign, to the resultant moment of the forces on 
the other side (see Analytic Statics). The resultant 
moment of the forces acting on the left of O will be deter- 
mined. Since the resultant of the forces Fas^ Fsa Font and 
Fd£ must be parallel to these forces, the line OZ^ drawn 
through O parallel to A B, B C, etc., is parallel to the line of 
action of the resultant The funicular for the forces on the 
left of O hRS PA for its first string and PE for its last 



38 


GRAPHIC STATICS 


§66 


string; in other words, PA and PE are the strings of the 
resultant of those forces, and, therefore, K L is the intercept 
of that resultant. The magnitude of the required moment 
is, therefore, ph X KL, The magnitude and direction of 
the resultant of the forces under consideration are given by 
the vector a e, which shows that the resultant acts upwards 
(in the drawing). Its line of action, which passes through 
the intersection of PA and PE^ lies, in this case, at the left 
of O. From these conditions, it follows that the resultant 
moment is right-handed. 

The preceding conclusion as to the magnitude and direc- 
tion of the moment can be directly arrived at as follows: 
Produce PB^ P Cy and PD to their intersections Z.*, Z. 
with OZ, Then, by definition, the intercepts of Eab^ Ebcj 
Fcd, and Fdb are, respectively, Z^Z„ ZiZ,, Z.Z3, Z.Z, and 
the moment of the resultant of the four forces is (paying 
due regard to signs), 

+ Pk X KU-ph X UU -ph X Z.Z. ^rphX Z.Z 
= pk {KU - UL,-- UL) = +phxlCL 

as found before, the positive sign indicating that the result- 
ant moment is right-handed. 

37 . Determination of the Intercept by the Funic- 
ular. — It follows from the foregoing that, when several 
parallel forces are in equilibrium^ the intercepty with respect to 
any point of their planCy of the resultant of all the forces on 
either side of the pointy is the same as the segment intercepted by 
the fumciilar on a line drawn through the given point parallel 
to the common direction of the forces^ 

This is a veiy useful rule, which finds its most important 
applications in problems relating to the strength of materials. 

38. Selection of the Normal Ray. — Since the position 
of the pole in the force diagram is arbitrary, it is convenient 
so to select it that the normal ray will be a convenient num- 
ber to multiply by. To accomplish this, it is sufficient to 
choose any point h in the force polygon (this applies to 
parallel forces only) and draw hpy normal to the vectors of 
the polygon, making it represent, to the scale of forces 
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used, a force of 100, 1,000, 10,000 units (pounds, tons, etc.) 
or some other number easy to be used as a multiplier. 
Thus, if the scale of forces is 600 pounds to the inch, / A may 
be conveniently made equal to 2 or 4 or 6 inches, so that it 
will represent a force of 1,000, 2,000, or 3,000 pounds, 
respectively. 




STRESSES IN BRIDGE TRUSSES 

(PART 1) 


INTRODUCTION 

DEFINITIONS AND GENEBAD CONSIDERATIONS 


BEAMS AXD GIRDERS 

1. Wooden and Steel Beams. — The principles gfovem- 
ing the use of beams in supporting loads are fully discussed 
m Strength of Materials^ Part 1 For short spans, beams are 
sometimes made of timber and are of solid rectangular cross- 
section, the same cross-section being used throughout the 
span. This is the most economical form when light beams 
can be used. The rectangular cross-section is not economi- 
cal, however, when heavy beams are required; it must be 
made large enough to resist the maximum bending moment, 
and, as this occurs near the center of the span, some material 
IS wasted by making the cross-section uniform, since no sec- 
tion between the center and the ends has to withstand sp 
great a stress as the section at the center. For ver,y heavy 
loads and long spans, it is more economical, when beams are 
used at all, to use steel beams On account of the danger of 
fire and the frequent cost of renewal attending the employ- 
ment of timber, steel beams are now almost exclusively used 
in permanent structures, even though their original cost may 
be many times that of wooden beams 

2. I Beams. — Where the bending moment is compar- 
atively small and a low value of the section modulus is 
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sufficient, rolled-steel beams of uniform cross-section are 
used, the material in the section being so distributed as to 
give a comparatively large value of the section modulus for a 
given amount of material Since the top and bottom of the 
beam are farthest from the neutral axis, as much 
material as possible is concentrated in these 
parts. The beam whose cross-section is shown 
in Fig. 1 fulfills this condition, and, on account 
of its form, is called an I beam. The hori- 
zontal part at the top and bottom are called 
the flanges, and the vertical part is called 
the web. I beams are rolled in various sizes 
up to 24 inches in depth. For lengths not 
exceeding 25 feet, the I beam is the most economical form 
of steel beam, but above this length too many rolled beams 
are required to resist the bending moment, so that a single 
deeper beam, made as explained in the next article, is more 
economical. 


^p^ange 


I. -Wab 


■VJ 


Flange 
Fig 1 
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3. Plate Girders. — The name plate girder is given 
to a beam, usually of steel, that has the same general form 
as an I beam, but is composed of several pieces. 

The cross-section of such a beam is shown in 
Fig. 2. The vertical part consists of a plate 
called the web; while the top and bottom parts, 
which consist of plates and angles, are called 
the flanges. Plate girders are generally used 
for spans of 26 to 100 feet, and occasionally for 
greater lengths. 

The span of a plate girder is the horizontal 
distance from center to center of its supports; the depth is 
the vertical distance between the outer surfaces of the angles 
that form a part of the flanges. Experience shows that the 
most economical plate girder has a depth of from one-seventh 
to one-eighth of the span. The usual practice for railroad and 
highway bridges is to make the depth one-eighth to one-tenth 
of the span, although the depth is frequently made as small 
as one-twelfth. These latter proportions require heavier 


do^imn^ge 
Pig. 9 
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sections than the former, and are, therefore, very wasteful of 
matenal. For spans over 100 feet in length, it is impossible 
to get sufficient depth for an economical section, and the 
girder is so heavy that it is difficult to handle. For these 
reasons, plate girders are unadaptable to spans over 100 feet 
in length, except under special conditions. 

4. In the best modem practice, the top and bottom flanges 
of a plate girder are made parallel throughout the entire 
length of the girder, and are riveted to the web. The section 
of the flange is decreased from the center toward the end, 
and so no material is wasted, as the flanges at any point are 
just large enough to resist the maximum bending moment 
that can occur at that point. In the past, plate girders were 
built with curved flanges. The curve was usually made a 
parabola, and the flange cross-section was constant from 
end to end. There is no additional economy in the use of 
girders with curved or inclined flanges. Conditions, however, 
sometimes require that the ends be made shallower than the 
center, in which case one of the flanges is inclined near the 
end of the girder. The web of a plate girder is very thin and 
requires to be stiffened at intervals with angles nveted to 
the sides of the web to prevent it from buckling. This 
subject will be more fully treated elsewhere. 

6. Lattice Girder. — The lattice girder is sometimes 
used for the same span length as the plate girder, and 
resembles the latter in that it has flanges, usually parallel, at 
the top and bottom, which decrease in size from the center 
toward the end of the girder Instead of the solid web, how- 
ever, there is an open-web system, consisting usually of 
angles running diagonally from top to bottom in both direc- 
tions, and riveted to vertical plates that project from between 
the vertical legs of the flange angles. The lattice girder 
belongs to a special class of structures called trusses^ which 
are designed to act as beams for any span length, but are 
most frequently and economically used for spans over 100 feet 
in length. Lattice girders, however, are somewhat used for 
highway bridges for spans much less than 100 feet. 
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THE TRUSS 

6. Defliiition. — A truss may be defined as a Iramevvoik 
composed of straigfht pieces, called members, so connected 
as to act, to a great extent, as a ngid structure. Trusses, 
like beams, are designed to support loads. 

The mtersection of two or more members, where they are 
connected or joined to each other, is called a Joint. 

While the truss as a whole resists the effect of the applied 
forces m much the same manner as the shear and the bend- 
ing moment are resisted by a solid beam, each individual 
member of the truss is subjected only to direct tensile or 
compressive stresses in the direction of its length In order 
that this may be the case, the applied forces are resolved 
into components acting at the joints of the truss. 

The simplest form of truss is a triangle, and any truss is 
merely an assemblage of connected triangles. As the tri- 
angle IS a rigid figure whose form cannot change so long as 
the length of each of its sides remains the same, it is the 
primary and essential element of the truss. 

7, Truss Members. — The upper members of a truss, 
such as BCi CD^ etc., Fig. 3, taken together form the 



upper cbord of the truss; the lower members, such as ab^ 
be, etc , taken together form the lower cbord. The other 
members of the truss, which he between and connect the 
upper and lower chords, are called web members. The 
end web members aB and Fg are called end posts. The 
intermediate inclined web members, such as and Cd, are 
called diagonals. 
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8. Panel, Span, and Helglit. — A panel is a sub- 
division of a truss between two consecutive joints in a 
chord. The joints are often called the panel points. 
The length oi a panel is called the panel leng^tli. In 
Fig. 3, the points by c, dy etc. are the joints or panel points, 
ai IS the panel length, and the truss is a six-panel truss. 
Usually, the panel lengths of a truss are equal. 

9. The span of a truss, for purposes of stress computa- 
tion, is to be taken equal to the horizontal distance between 
the end panel points, as shown in Fig, 3. 

10. The beiglit,’ or depth., of a truss, for purposes of 
stress computation, is to be taken equal to the vertical dis- 
tance between the joints of the chords, as shown in Fig, 3. 

11. The three dimensions just given — panel length, span 
length, and depth of truss — ^bear a relation to each other 
that, to a certain extent, decides the type of truss to be used. 
Engineering experience has shown that for the greatest 
economy the depth of truss should be about one-sixth of the 
length, and that the diagonal web members should make an 
angle with the vertical of about 40°. The panel lengths most 
frequently used he between 15 and 25 feet. These values 
need not be strictly adhered to; there may be a reasonable 
departure from them without seriously increasing the cost of 
the truss. From the span length, the depth and panel length 
are so chosen as to satisfy the economical conditions as far 
as possible. 

12. Kinds of Trusses. — A symmetrical truss is a 
truss that can be cut at the center mto two parts exactly 
alike. If it could be folded at the center on itself m such a 
manner that the two ends would come together, all corre- 
sponding members m the two halves of the truss would 
coincide. Nearly all trusses are symmetrical. 

13. A simple truss, like a simple beam, is one that 
is supported only at the ends. A continuous truss and a 
cantilever truss are, likewise, similar to the corresponding 
forms of beams. 
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14. Parallel- ch-ord trusses are trusses in which the 
upper and lower chords are parallel. In these trusses, the 
panel lengths are usually equal and all the diagonal web 
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members have the same inclination (see Figs 3 and 4), 
The parallel-chord truss is especially adapted to short spans. 

15. In Incllned-cliord trusses, which are used for 
long spans, the depth at the center and the panel length are 
so chosen that the web members near the center make an 
angle with the vertical of less than 40°. The panels are 
made the same length throughout the bridge, but the depth 
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of the truss is decreased at each panel point from the center 
toward the end, inclining one or both of the chords, thereby 
making the web members slope differently, those near the 
end making an angle with the vertical of more than 40°. 
This saves material near the end of the truss by shortening 
the heavy web members, and at the same time allows an 
economical depth to be used at the center of the truss. 
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When the joints of the chPrd are in a straight inclined 
line, the chord is called an Inclined chord, and the truss, 
an incllned-cliord truss. When the joints of the chord 
are on a curve, the chord is called a curved chord, and the 
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truss, a curved-ch.ord truss. The chord is not really 
curved, the members being straight between the jomts. An 
mclined or a curved chord gives a graceful outlme to a 
truss; on this account an mchned- or a curved-chord truss is 
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preferable, from an esthetic standpoint, to a parallel-chord 
truss. Examples of mclined- and curved-chord trusses are 
shown m Figs. 6, 6, and 7. 

16. Multiple-System Trusses. — For long spans, the 
chords are sometimes made parallel and the diagonal web 
members are continued across two or more panels. Trusses 
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of this kind are called multiple-intersection, or mul- 
tiple-system, trusses. When the diagonals extend over 
two panels, the truss is called a double-intersection, or 
double-system, truss; when the diagonals extend over 
three or four panels, the truss is called a triple- or quad- 
ruple-system truss, and also, to some extent, a lattice 



Fig 9 


truss. The arrangement has also been used in trusses 
with curved and mclined chords. 

The multiple-system truss allows an economical choice of 
both the center depth and the slope of the diagonals, with- 
out making it necessary to increase the length of panel- 
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Trusses of this type are objectionable, however, because the 
stresses cannot be found directly by the ordinary conditions 
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of equilibrium. Examples of multiple-system trusses are 
shown in Figs. 8, 9, and 10 

17* Subdlvided-Panel Trusses* — Another method of 
obtaming economy m the depth at the center and m the slope 



Fig U 

of the diagonals, without mcreasmg the length of the panel, 
is to subdivide the mam panels of the truss by adding 
secondary verticals, or secondary verticals and diagonals. 



Fig 12 

This arrangement of members is made use of to a consid- 
erable extent m both parallel- and curved-chord trusses, and 
IS very satisfactory. Any truss with subdivided panels is 


Fig is 

called a subdivided -panel truss* Examples of this type 
are shown in Figs. 11, 12, and 13 

18. The term girder bridge, or truss bridge, is 
the name usually applied to a bridge simply resting on sup- 
ports at the same level, so that the reactions due to vertical 
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loads are vertical. This distinguishes the truss bridge from 
the arch and the suspension bridge, m which the reactions 
are not vertical. 

19. Pln-connected trusses are those in which the 
several members that meet at a joint are connected to each 
other, and transmit their stresses, by means of an accurately 
turned pin, somewhat resembling a large bolt, which is made 
to fit very closely into holes dnlled through the ends of the 
members. This affords a simple and convenient method of 
connecting the members. As the connection acts, to some 
extent, like a large hinge, it allows each member to adjust 
Itself in the line of its stress without developing large bending 
stresses. In this type of truss, each piember is practically 
finished at the shop; and, in erecting the bridge at its site, 
the members are assembled and connected, and the structure 
completed, in the shortest possible time and with the mini- 
mum amount of field labor. Owing largely to this fact, this 
type of truss is the standard m America for long spans. The 
pin-connected truss is well adapted for both highway and 
railroad bridges over 150 feet in length. 

20. Riveted trusses are those in which the several 
members that meet at a joint are riveted to each other, and 
transmit their stresses by means of connecting plates called 
gussets, to which all the members at the joint are riveted 
The tendency of the best modem practice is toward such 
details as will give great ngidity, and for this reason the 
riveted truss, which is very rigid, is coming into general 
use for the shorter spans to which trusses are adapted. It 
is used for highway and for railroad bridges for spans up 
to about 160 feet in length. 

21. Line of Action of Stress In a Truss Member. 
The stress in each member of a truss is considered to act in 
a direct line between the centers of the connections. The 
member itself should, therefore, be straight, and the connec- 
tions at its extremities should be as nearly as possible on a 
line passing through the center of gravity of its cross-section. 
The pins in a pm-connected truss are located on Imes passing 
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nearly through the centers of gravity of the members, and 
the stresses are therefore all direct stresses. There is some 
eccentricity in the connections of a riveted truss, due to the 
fact that the members are connected to large gusset plates; 
and, although the center lines of all the members at any 
joint intersect in the same point, the centers of the connec- 
tions are not coincident; this causes eccentric stress. 

22. Stress Sheet. — For all purposes relating to the 
investigation of the stresses in the members of a truss, each 
member is represented by a straight line indicating the line 
of action of its stress A stress sheet of a bridge is a 
skeleton drawing in which the members of the bridge are 
shown by straight lines, which occupy positions on the drawing 
corresponding to the positions of the members in the bridge 
On the stress sheet are shown the arrangement of floor and 
lateral systems, with the spacing of stringers and trusses; 
the span length, number of panels, panel length, and depth 
of truss; the lengths of diagonals; the assumed dead, live, 
and wind loads, and the panel loads and reactions resulting 
therefrom; and the maximum and minimum stresses in each 
member due to the assumed loads. The amount of material 
required in each member, and the different parts that form 
the cross-section of the member, are sometimes shown on 
the stress sheet, 

TRUSS AND PLATE-GIRDER BRIDGES 

MAIX PAKT8 

23. The main parts of a tniss bridge or of a plate-girder 
bridge are: (1) two longitudinal vertical trusses or two-plate 
girders, such as have been described in the foregoing articles; 
(2) a floor system, (3) a lateral system, 

24. The Floor System. — The traffic on a bridge is car- 
ried by a floor, which transfers the load to the longitudinal 
trusses or girders on the sides. In a highway bridge, the 
floor usually consists of planking resting on longitudinal 
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Joists, or stringers, and of cross -girders called floor- 
beams, which support the stringers and transfer the load to 
the trusses at the panel points. In a railroad bridge, the 
floor usually consists of wooden rail ties, longitudinal string- 
ers, and floorbeams. In some truss bridges, the floor joists, 
or the ties, rest directly on the chord members, thus produ- 
cing bending stressed in these members in addition to the 
direct stresses. These bending stresses must be separately 
computed and added to the direct stresses. This subject, 
however, will be left for subsequent treatment; it will here 
be assumed that the floor system transfers the load to the 
trusses at the joints, and that, therefore, the load acts at these 
points only. The complete analysis of a bridge includes the 
analysis of the stresses in the various parts of the floor 
system, as well as in the members of the trusses. 

26. Ttie Lateral System. — The lateral forces acting 
on a bridge are resisted by lateral trusses lying m the planes 
of the chords and connected to the latter; these trusses trans- 
mit all lateral forces to the supports. In addition to this, 
there are transverse braces, or frames, at each panel point, 
which are made as deep as the conditions will allow. The 
transverse brace, or frame, at the end is placed in the plane 
of the end posts and is usually called the portal brace, or 
simply the portal. 

CLASSIFICATION OF BRIDGES 

26. There are several ways m which bridges may be 
classified. One of the most common is to classify them 
according to the position of the floor or roadway with respect 
to the chords. In this classification, bndges are divided into 
three general types, namely: through bridges^ deck bridges^ and 
kali-through bridges. 

27. Tlirougb bridges are those that support their floors 
or loads at or near the level of the bottom chord, and have 
room for a system of lateral bracing between the top chords 
without interfering with the traffic. The loads pass between 
the trusses, or through the bridge. Bridges of this type 
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require very little space below the floor, and, therefore, the 
locations to which they are adapted are very common. 
Where trusses are of such a height that vertical transverse 
frames may be put in between the web members above the 
overhead clearance line, they are sometimes spoken of as 
htgh-truss bridges. 

28. Deck bridges are those that support their floors or 
loads at or near the level of the upper chord. In bridges of 
this class, all portions of the structure are entirely below the 
floor. For long spans, the locations to which they are 
adapted are not very common. Deck bndges are more 
economical than any other type of bridge, and are used 
wherever conditions permit. 

■ 29. The chord that supports the floor system is called 
the loaded chord; the other, the unloaded chord. In 
a through bridge, the loaded chord is the lower chord; in a 
deck bridge, the loaded chord is the upper chord. 

30. Half-through bridges are those that support their 
floors or loads at some elevation intermediate between the 
top and the bottom chord, or at the bottom chord, and the 
trusses of which are not deep enough to allow a system of 
overhead bracing. When plate girders are used, such a 
bridge is called a half-through plate-girder bridge. When 
trusses are used, such a bridge is called a low-truss, or 
pony-truss, bridge. 

31. Bridges are also spoken of as plaie-gu'der b^idges^ 
nveied-tniss bridges^ and pin-connected h-nss b?idgcs^ according 
to the type of beam or truss that supports the loads Bridges 
may be further classified according to the style of truss, 
giving two general classes; namely, parallel-chord bridges 
and Inclined-chord bridges. Each of these classes may 
be subdivided into single-system, multiple-system, and sub 
divided-panel bridges, as explained in connection with trusses 
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LOADS AND REACTIONS 

CLASSIFICATION OF LOADS 

32. External Foi*ces Acting: on a Bridg^e. — ^The 
external forces acting on a bridge consist of: (1) the weight 
of the structure itself; (2) the weight of whatever the struc- 
ture IS designed to support; (3) the pressure of the wind; 
and (4) the reactions of the abutments. The first two of 
these classes of forces are called loads. In addition to the 
forces just mentioned, it is sometimes necessary to consider 
other applied forces, such as the centrifugal force of a train 
moving on a curved track, and the horizontal force caused by 
movmg trains. 

33. Kinds of Loads. — Loads are divided into two 
general classes, namely, dead loads and Iwe loads. 

The dead load consists of the weight of the structure 
Itself, including the track or floor, the floor system, and the 
girders or trusses.. It is the force of gravity acting on 
every part of the structure, and is, therefore, actually 
applied at all points. The weight of the floor system is 
transferred to the joints of the loaded chord by the floor- 
beams The weight of the truss is transferred to the joints 
of the loaded and unloaded chords by the members them- 
selves Methods of estimating in advance the approximate 
weight of floor systems and trusses will be given elsewhere. 
The dead load is usually assumed to be a uniform amount 
per linear foot of structure. For short spans, up to about 
125 feet, the direct stresses due to dead load are found by 
assuming all the load to be applied at the joints of the loaded 
chord. For longer spans, a part of the load, usually one- 
third, IS assumed to act at the joints of the unloaded chord. 
This assumption leads to results that are very close to the 
actual stresses. 
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34. The live load is the load due to the traffic. It is 
therefore a moving load, and is often so called. For high- 
way bridges, the live load is assumed to be a specified 
amount per square foot, uniformly distributed over the 
roadway. For bridges that are subject to the passage of 
heavy loads concentrated on wheels, the live load is 
assumed to be a certain arrangement of concentrated loads, 
or wheel loads, which may be taken by themselves or in 
connection with the uniform load. For railroad bridges, the 
live load usually consists of a system of concentrated wheel 
loads representing a type of locomotive, or of certain 
u^uform loads that will give an approximately equivalent 
effect The calculation of stresses due to uniform and to 
concentrated loads require separate consideration. This 
subject will be fully treated elsewhere. The amount of live 
load that a bridge is designed to carry is sometimes called 
the capacity of the bridge. 

35. Wind Pressure. — The wind pressure, sometimes 
called the wind load, is the force exerted by the wind on 
all surfaces exposed to it. These surfaces consist of the 
sides of the members and the exposed surfaces of the moving 
loads that cross the structure. In highway bridges, the sur- 
face of the loads is usually very small compared to the 
exposed surface of the bridge. In railroad bridges, it is 
necessary to consider the pressure of the wind against the 
side of a train, m addition to the pressure against the exposed 
surface of the structure. It is customary to assume the wind 
pressure as a uniformly distributed force, and express it in 
pounds per square foot of exposed surface, or in pounds per 
Imear foot of the loaded or unloaded chord. 

36. Centrifugal Force. — The centrifugal force con- 
sidered in bridges is the pressure exerted by a tram of cars 
moving on a curved track; it acts radially outwards, and is 
transferred by the floor system to the joints of the loaded 
chord. It is usually expressed as a percentage of the live 
load and depends on the degree of curvature of the track, ard 
on the weight and speed of the train. 
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37. The longitudinal tbrust is the force exerted on a 
structure by a tram of cars crossmg the structure while the 
brakes are set This force is a maximum when the brakes 
are set hard enough to prevent the wheels from turning, in 
which case they slide on the rails 

The tractive force is the force exerted on a structure by 
the friction of the driving wheels of a locomotive drawing a 
train of cars; it is usually less than the longitudinal thrust, 
and may be neglected if the latter is taken into consideration. 

PAiraili XiOADS 

38. Definition. — The amount of load that is transferred 
to a joint of the loaded chord is called a panel load, or 
panel concentration. 

39. Dead Panel Doads —As. the weight of the floor 
system is a large part of the dead load, the dead panel loads 
of the loaded chord are larger than those of the unloaded 
chord. If all the dead load were considered as applied along 
the loaded chord, each panel load would equal the uniform 
load per linear foot multiplied by the length of one panel 
and divided by 2 (there being two trusses to the bridge). 
It is convenient to compute first this panel load, and then, if 
considered necessary, assume an approximate distribution of 
it between the loaded and the unloaded chord, as explained 
in Art. 42. 

40. Dive Panel Doads. — All the live load is applied 
along the loaded chord. In highway bridges, the load per 
linear foot is equal to the specified load per square foot on 
the floor, multiplied by the clear width of the roadway, plus 
a like product for the sidewalks, if any. The panel load is 
then equal to one-half this total uniform load multiplied by a 
panel length Some highway bridges have only one side- 
walk, which IS sometimes supported outside of the truss. 
In this case, the load on and stresses in each truss must be 
computed separately. In railway bridges, if the load is a 
uniform load per linear foot, the panel load is found as just 



16 


STRESSES IN BRIDGE TRUSSES 


§67 


stated; if it consists of a series of wheel loads, the panel 
loads will vary in amount. The treatment of this class of 
loads IS considered m a subsequent Section. 


41. Wind Panel Load. — The wind pressure per linear 
foot, assumed or computed for either chord, multiplied by 
the panel length gives the wind panel load for that chord. 

42. Illustrative Example. — As an example, let a 
through highway bridge, such as is shown in Fig. 14, con- 
tain seven equal panels, each 20 feet long, and have a clear 
width of roadway of 16 feet Suppose the dead load to be 
600 pounds per Imear foot, and the live load to be 100 pounds 


B a s pa 



Fiq. 14 


per square foot of roadway. The dead panel load will then be 
600 X 20 
2 

and the live panel load, 


6,000 pounds 


100X 16 X 20 icnno j 
— = 16,000 pounds 

A 


Assuming all the dead load to be applied at the joints of 
the loaded chord, each of the joints b, c, d, e, /, and ^ will be 
loaded with 6,000 pounds dead load; while, if the bridge 
sustains a live load throughout its length, each of the joints 
win also have a load of 16,000 pounds At the points a 
and h, there is a half-panel load consisting of 3,000 pounds 
dead load and 8,000 pounds live load. These half-panel 
loads are carried directly by the supports and do not affect 
the trusses, and hence can be omitted in the calculation of 
stresses. A seven-panel truss would thus be considered as 
loaded with six intermediate panel loads; a six-panel truss 
would likewise have five intermediate panel loads; etc. If it 
is desired to distribute the dead load between the lower and 
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the upper chord, one-third of the load, or 2,000 pounds, may 
be assumed as acting at each of the upper joints, and 

4.000 pounds at each of the lower joints, except at a and 
each of which would still carry the half-panel load oi 

3.000 pounds 


EXAMPLES FOR PRACTICE 

1. A bndge 99 feet long is designed to sustain a hve load of 
100 pounds per square foot on a roadway 16 feet wide, clear width 
The trusses are divided into 6 panels What is. (a) the live load per 
linear foot? (d) the panel live load? a„„ / {a) 1,600 lb. 

Xld) 13,200 1b. 

2 An eight-panel bndge of 120 feet span carries a roadway 18 feet 
wide, clear width The live load assumed for the trusses is 96 pounds 
per square foot of roadway. What is {a) the live load per linear foot? 
(d) the panel live load? 1*728 lb. 

I (^) 12.960 1b. 

3. If for the bndge of example 2 the wind load per linear foot is 
assumed as 300 pounds for the lower chord and 150 pounds for the 
upper chord, what is the panel wind load, (a) for the lower chord? 
(5) for the upper chord? a fM 4,600 lb. 

I {6) 2,260 lb. 

4 Suppose, for the bridge descnbed in example 2, that the dead 
load IS assumed to be 760 pounds per linear foot What will the panel 
dead load be? Ans. 5,700 lb. 

REACTIONS 

43. In all bridge trusses, one end is free to move hori- 
zontally in a longitudinal direction, so that the reactions 
due to the dead and live loads will be vertical. The effect 
of wind pressure and other horizontal forces will receive 
separate consideration. 

44. Dead-Iioad Reactions.— By the principles of 
statics, the reactions exerted by the supports must hold in 
equilibrium the applied loads. Let Fig. 15 represent any 
truss acted on by the panel loads iV as shown. Let and 
be the reactions. The loads and reactions together com- 
prise all the external forces acting on the structure, and any 
of the conditions of equilibrium may be applied to these 
forces. The object being to determine the values of the 
reactions Ri and Rat it will be convenient to take moments 
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of the forces about the point /. The following equation 
therefore obtains 


R,X 100 - JVX 80 - JVX60 -lVx40-lVx20 = 0 
WX 200 
100 


whence 


R. = 


= 21V 


In like manners by takmg moments about a, the reaction i?. 



is found to be 2 TV, Or, by putting the sum of the vertical 
forces equal to zero, 

R,-^4:TV+R, = 0 ; 

whence, as before, 

R, = 4 W- R,^ 4 H/- 2W=2JV 
In this case, where the load is symmetrical, it is evidently 
unnecessary to write out these equations, smce the reactions 
must be equal, and each must be equal to one-half the total 
load, or to 2 

46. lilve-Load Reactions. — If the truss is only partly 
loaded, as in Fig. 16, the reactions are not equal, and it is 
necessary to calculate them by applying the principles of 



statics as just stated. In the truss shown, with/ as a center 
of moments, we have 

i?xXl00-Px60-Px40-PX20 = 0; (1) 

whence Rx = ^ ~ ^ 

Also, + 7?, - 3 P = 0; 

whence i?. == 3/» ^ 7?, = 3 - 1.2 = 1.8 
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This method of calculation is perfectly general and applies 
as well when the panel loads or panel lengths are unequal. 

46. Where the panel lengths are equal, as is usually the 
case, the reactions for a partial load, as in Fig. 16, can be 
found more readily by writing equation (1), Art. 46, in a 
little different form. Taking the panel length as the unit of 
length, and changing the order of arrangement, we have 
J^^X5-PX1-PX2-PXS=^0; 
whence = lP‘i’2P+SP 

and P, = ip + ip+ip 

Thus, it is seen that the left reaction is equal to one-fifth 
the load at ey plus two-fifths the load at dy plus three-fifths 
the load at c. This statement can be written at once by 
inspection; for, as regards the load at it is known, from 
the principle of moments, that one-fifth will be carried by the 
left support, and four-fifths by the right; likewise, two-fifths 
of the load at d will be carried at a and three-fifths at /, etc. 
This method of getting reactions for partial loads, w/ien 
the panel lengths are egtialy is very convenient and will be 
frequently employed hereafter. 

Example — {a) Assuming the truss shown in Pig 17 to be loaded 
at each of the lower chord joints with a load of 6,000 pounds, to cal- 



culate the reactions, (d) Assuming the joints dy and f only, to be 
loaded with a load of 6,000 pounds each, to calculate the reactions 

Solution. — (a) In this case, the load is sjmimetrical; therefore, 

R^ = R^ = = 12,600 lb. Ans. 

(d) Taking moments about g, 

^,X 0-6,000x1 -6,000X2 -6,000X8 - 0; 

whence 

o 5,000 X 1 + 6,000 X 2 + 6,000 X3 

Rl - Q 


6,000 1b. Ans 
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Taking moments about a 

- X 6 + 6,000 X 3 + 6,000 X 4 + 6,000 X 6 = 0; 

whence 




6,000 X 3 + 6,000 X 4 + 6,000 X 6 
6 


10,0001b. Ans. 


EXAMPLES FOB PRACTICE 

1. If the trass shown m Pig 17 carries a panel load of 6,000 pounds 
at each of the lower chord joints, what are the two reactions? 


Ans 


//?, = 16,000 lb. 

li?. 


16,000 lb. 

2. If the truss shown in Fig. 17 carries a panel load of 6,000 pounds 
at each of the joints 6, c, and d, what are the two reactions? 

!,000 lb. 
1,000 lb. 


Ans 


IT?. = 12,0 

\Ji,= 6.0 


SHEARS AND MOMENTS 


MAXIMUM MOMENTS AND SHEARS IN BEAMS 

BENDING MOMENTS 

47. It is desirable here to review some of the principles 
explained in Strength of Materials^ Part 1, in connection with 
beams, and to add sufficient further discussion to make com- 
plete the analysis of maximum moments and shears in simple 
beams and trusses for fixed and for moving uniform loads. 
In designing a beam, it is necessary to know the maximum 
bending moments and the maximum shears at various sec- 
tions. From the former, the flange or fiber stresses are found; 
and from the latter, the shearing or web stresses. Tt will be 
sufficient here to deal with this subject in a general manner, 
stating the fundamental principles. The application of these 
principles to the calculation of the actual flange and web 
stresses will be taken up m connection with design, where 
it can be more conveniently treated 

48. Bending Moments Due to a Uniform Dead Load. 
As explained m Strength of Matenats, Part 1, the bending 
moment at any section of a beam is the sum of the 
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moments of all the external forces to the left or right of the 
section about the neutral axis of the section. In Fig. 18 (a), 
/4 B is B. beam of length /, loaded with a uniform load of 



zt/ units of weight per unit of length. The total load is w' I, 

and each reaction is equal to The bending moment 

at any section distant x from the left end, is given by 
the formula 

M' = RiX — xX^i 
2 

or, substituting the value of -ffi, and factoring, 

= ^{l — x)x ( 1 ) 

This moment is a maximum at the center, where its value 
is given by the formula 

Max. M' = (2) 

8 

The bending moments at all points of the beam due to 
this uniform load are represented graphically in Fig. 18 (^) 
by the moment curve adb>, which is a parabola and shows 
how the moment varies along the beam. 


49. Bending Moment Due to a Uniform Dive Load. 
The maximum bending moment at any section of a simple 
beam, caused by a uniform live load, will occur when the 
load extends entirely across the span. The beam being 
fully loaded for maximum moments, these moments will be 
given by formula 1 of the preceding article, except that 



22 


STRESSES IN BRIDGE TRUSSES 


§67 


should be replaced by the live load w" per unit of length. 
If, therefore, the maximum live-load moment at the point q 
IS denoted by M", then 

( 1 ) 

From the preceding article, 

M'=^{l-x)x 

Dividing the first by the second of these two equations, 
the result is 

M' “ a/'' 

whence X (2) 

vr 

When, therefore, the dead-load moment at any section ot 
the beam has been determined, the maximum live-load 
moment at the same section is obtained by multiplying the 

dead-load moment by the ratio —7 of the live load per unit 

w' 

of length to the dead load per unit of length. 

If the total or resultant bending moment at q is denoted 
by then 

AT = AT' -f Mff] 

or, substituting the values of and 

7 " (/-*)* ( 3 ) 


Example. -r-A beam 40 feet long supports a dead load of 600 pounds 
per foot and a live load of 1,800 pounds per foot. What are the dead- 
load and maximum Uve-load bending moments at points 10 feet apart 
along the beam? 


Solution — The moments will be found by means of formula 1 
Art 48, and formula 2, Art 49. Here, / = 40, zc;' =» 600 lb 
v/f = 1,800 lb., and 




1,800 

“600 


3.6 


The values of x for the several points are 0, 10, 20, 30, and 40. The 
moments, m foot-pounds, are as follows: 

For = 0 , y!/' = ^(40 - 0) 0 = 0, M" = 0. 

For =. 10, jJF = 260(40- 10)10 = 76,000, - 76,000X3 6 

- 270,000. 
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For = 20, = 260(40 - 20)20 = 100,000, Mf - 100,000 X 3 6 

- 360,000 

For ^ = 30, = 260 (40 - 30) 30 = 76,000, = 76,000 X 3 6 

« 270,000. 

For « 40, = 260 (40 - 40) 40 = 0, * 0. 


bxampl.es for practice 

1. A beam 100 feet long supports a dead load of 600 pounds per 

foot What is the dead-load moment: (a) at the center? (d) at a 
point 76 feet from the left end? . f (a) 750,000 ft -lb 

1(d) 662,600 ft -lb. 

2. A beam 40 feet long supports a live load of 760 pounds per foot 

What IS the live-load moment at a point, (a) 10 feet from the left 
support? (d) 20 feet? (c) 30 feet? f (a) 112,600 ft -lb, 

Ans { (d) 150,000 ft -lb 
l(r) 112,600 ft -lb. 

3. A beam 80 feet long supports a dead load of 460 pounds per 

foot and a live load of 1,200 pounds per foot. What is (a) the dead- 
load bending moment, and (d) the live-load bending moment at a 
point 30 feet from the left support? IM 337,600 ft -lb 

IW »00,000ft-lb 

4 In example 3, what is the total bending moment at the center 
of the beam? Ans. 1,320,000 ft -lb 

SHEARS 

30. Shear and Its 81^. — The shear at any section of 
a beam is defined as the sum of all the vertical forces acting 
on the beam to the left or right of the section. The correct 

® i 

A 


* 



Pio 19 


sign will be given bv considering the forces on the left and 
taking upward forces as positive and downward forces as 
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negative. If the load is a uniform load w per unit of length, 
Fig. 19 (a) , the shear at any point whose distance from the 

left end is x is given by the formula 

Wl 

V^Rx-'WX^-z wx 

2 

At the left end of the beam, where x — 0, the shear is 

equal to J?t, or at the center, where x = the shear 
2 2 

is Oj and at the right end, where x = 1, the shear is — or 

— The shear diagram for dead load is shown m 
Fig. 19 id). 

It is to be noted that the shears on the right of the center 
are negative, and those on the left are positive, but that for 
two points equidistant from the center the shears are of the 
same numerical value. 




61. The meaning of positive and negative shears will be 
made clearer by a study of Fig. 20, winch shows how the 
^ forces acting tend to 

shear the beam at any 
given section. Positive 
shear at any section q 
occurs when the exter- 
nal forces tend to move 
the left-hand portion 
upwards and the right- 


Pos/ffya Shear I 






f 




Neqaftye Shear 
PZQ 20 

hand portion downwards; negative shear occurs when the exter- 
nal forces tend to move the left-hand portion downwards and 
the nght-hand portion upwards. 


62. Live-Load Shears. — In order to arrive at a general 
rule for determining the maximum live-load shear at any 
section of a beam, it will be convenient to consider first the 
effect of a single load W, Fig. 21, placed anywheie on the 
beam. Let q be the section at which the shear is required. 
Considering the weight first at any point on the right of the 
section, it is seen that the only external force acting on the 
left of the section will be the reaction. The shear at the sec 
tion will then be equal to this reaction, and will be positive 
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If the load W is placed anywhere to the left of the section, 
the shear will be equal to the left reaction minus the load W\ 
and, as the reaction is always less than the load, the resultant 
of the reaction and the load will act downwards, and the shear 
will be negative. 

It is thus seen that a load placed anywhere on the right of a 
section will cause positive shear in that section, and if placed 
? w 

1 . i 

A\ * W 

I 

Fio 21 

anywhere on the left of the section, it will cause negative 
shear. From this it follows that, if a number of loads is 
to be placed on a beam so as to cause the maximum posi- 
tive shear at a given section, as many loads as possible 
should be placed on the right of the section, and none on the 
left. For maximum negative shear, the reverse would be 
true. If the given load is a uniform live load, the maximum 
positive shear at any section obtams when the beam is loaded 
on the right of the section only, and the maximum negative 
shear, when the beam is loaded on the left. 

53. Applying the rule just given to any beam AB^ 
Fig. 22 ia), the maximum positive live-load shear at any 



Fro 22 


section q, distant x from the left end, due to a uniform load 
of w'^ per unit of length, obtains when the load covers all the 
part of the beam to the right of g. The shear, which will be 
denoted by F", will be equal to the left reaction. Taking 


ILT 334—6 
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moments about and noting: that the total load on the beam 
is equal to and that its lever arm about B is 

equal to — , the following equation obtains: 

whence i?, = , ~ 

I 2 / 

As the maximum live-load shear is equal to then 
V" = 

If the load covers the whole beam, x — 0, and 

yff = = I^!li 

212 

If the load covers half the beam, x = L and, therefore, 

F" = ^(L\' - 

2/\ 2/ 2/1,2/ 2/ 4 8 

In Fig. 22 {b), the ordinates to the curve cb represent the 



maximum positive shears in the beam at all points, obtained 
by giving to x values between / and 0. This curve is a 
parabola with its vertex at b, and may be constructed by 
the methods explained in Rudiments of Analytic Geometry. 

64. The maximum live-load negative shear at any point 
in the beam will occur when the beam is loaded on the left 
at that point, as shown in Fig 23 (a). The maximum shear 
at section g will equal the left reaction minus the load u/'x. 
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The left reaction i?, is found by taking moments, as before, 
about the point Bx 



and the maximum negative shear is 
V" ^ 

2 / 

This value is equal to the right reaction, and might have 
been found by taking moments about without previously 
computing R-,, Fig. 23 {b) shows the shear diagram for 
negative shears. 

By examining the values of the negative shears, begin- 
ning at the right end and passing toward the left, it will 
be observed that the maximum positive shear at any point 
is numerically equal to the maximum negative shear at a 
point m the opposite end of the beam equidistant from the 
center. 

66. Illustrative Example. — Let it be required to 
determine the dead-load shears at sections 5 feet apart in a 
beam 60 feet long, Fig. 24. Let the de?Ld load be 400 pounds 


a 

I ^ 




(= w') per linear foot, and the live load 1,200 pounds 
(= w'') per linear foot. 

1. Dead-Load Shears . — The reactions are each equal to 

400 X 60 ^ j2,000 pounds 
2 

The shears will be found by the formula of Art. 60, sub- 
stituting w\ or 400, for w. 

Ata,x = 0, and F' = i?, = -f 12,000 pounds. 

At b, X 6, and V> = 12,000 _ 400 X 6 =■ 4- 10,000 
pounds. 

At c, X ^ 10, and V' = 12,000 - 400 X 10 = -H 8,000 
poimds. 
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In like manner, the shear for each of the other given 
sections is found. The results are given in the second 
column of the accompanying table. 

TABI^E OF SHEARS 


I 

a 

3 

4 

5 

6 



Maximum Live-Load 
Shear 

Combined Shear 

Section 

Dead-Load 

Shear 

Positive 

Negative 

Dead-Load 
and Maximum 
Positive Live- 
Load Shear 

Dead-Load 
and Maximum 
Negative Live- 
Load Shear 

a 

-h 12,000 

-1-36,000 

0 

+48,000 

+ 12,000 

b 

-1-10,000 

+30.250 

250 

+40,250 

+ 9,750 

c 

+ 8,000 1 

+25,000 

— 1,000 

+33.000 

+ 7,000 

d 

-f 6,000 

+20,250 

- 2,250 

+26,250 

+ 3,750 

e 

+ 4,000 

+ 16,000 

— 4,000 

+20,000 

0 

f 

+ 2,000 

+ 12,250 

- 6,250 

+14.250 

- 4,250 

g(center) 

0 

+ 9,000 

— 9,000 

+ 9.000 

— 9,000 

h 

— 2,000 

+ 6,250 

-12,250 

+ 4.250 

-14,250 

t 

— 4,000 

+ 4,000 

— 16,000 

0 

— 20,000 

3 

— 6,000 

+ 2,250 

-20,250 

- 3,750 

-26,250 

k 

— 8,000 

+ 1,000 

—25,000 

— 7,000 

-33,000 

1 

— 10,000 

+ 250 

-30.250 

- 9,750 

-40,250 

m 

— 12,000 

0 

—36,000 

— 12,000 

—48,000 


It is to be noted that the shears beyond^, the center section, 
may be written out at once from the values to the left of this 
section. 

2. Live-Load Shears . — The maximum positive live-load 
shears are obtained from the formula of Art. 63. At a, 
where x ^ 0, 

v>’ = i?. = = + 36,00 pounds 

At = 6, and 

1 son 

V" = 2 + 30,260 pounds 

At t, = 10, and 

1 900 

V<> - (60 - 10)* = + 26,000 pounds 
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and so on. These shears are g:iven in the third column of 
the above table. The maximum negative live-load shears are 
found in like manner, by the use of the formula in Art. 64. 
The fifth and the sixth column of the table contain the 
combined shears, found as explained below. 

3. Combined Shears , — Since the dead load is always 
present, the maximum total shear at any section of the beam 
will be found by combining the dead-load shear with one 
or the other of the maximum live-load shears. Combining 
with the maximum positive shears, the fifth column of the 
preceding table is obtained; while the sixth column is 
obtained by combining the dead-load shears with the maxi- 
mum negative live-load shears. By comparing these two 
columns, it will be noticed that, for sections to the left of the 
center, the maximum shears are the positive shears of col- 
umn 5; while to the right of the center they are the negative 
shears of column 6. For two sections equidistant from the 
center, the maximum shears are numerically equal. 

It is to be further noted that m column 5 there is a small 
positive shear at the sections A, zero shear at 2 , and negative 
shears beyond. These negative shears, which are smaller 
than the dead-load shears, are equal to the difference 
between the dead-load negative and the live-load positive 
shears. They are in fact the least negative shears that can 
occur in the beam. In the same way, column 6 gives, in the 
upper part, the least positive shears down as far as then 
the maximum negative shears for the remainder of the 
beam. Taking the two columns together, the greatest range 
of shear is obtained that can possibly occur in the beam at 
the several sections for any positions of the live load. Thus, 
at section a, the shear may be as high as + 48,000 and as low 
as + 12,000; at b, the limits are + 40,250 and + 9,760; at tf, 
+ 20,000 and 0; at /, + 14,260 and - 4,250; and at^, + 9,000 
and — 9,000. On the right end, the limits are the same 
numerically at corresponding sections, but are of opposite 
sign. From this discussion, it is plain that only positive 
shears can exist from a to e; both kinds are possible from 
e to 2 ; and only negative shears beyond 2 . This table should 



80 STRESSES IN BRIDGE TRUSSES §67 

be carefully studied, as the relations here illustrated are of 
great importance in the analysis of trusses. 

4. Summary of Results . — Summarizing the results of 
the foregoing analysis, the following statement may be 
made regarding a beam subjected to both a dead and a 
uniform live load: (1) The maximum shear at any section 
to the left of the center will be positive, and may be found 
by adding to the dead-load shear the maximum positive live- 
load shear, the beam being loaded to the right of the section. 
(2) The minimum shear at any section to the left of the 
center may be found by combining the dead-load shear with 
the maximum negative live-load shear, the beam being 
loaded to the left of the section Near the end of the beam, 
these minimum shears will be positive, but near the center, 
where the live-load negative shears exceed numerically the 
dead-load positive shears, the resulting values will be negative 
For sections on the right of the center, exactly the reverse of 
this holds true: the shears are numerically equal to, but 
of opposite sign from, those on the left of the center. 

56. In the design of beams and plate girders, the sign 
of the shear is usually immaterial, and the maximum numer- 
ical value is all that is needed. In the case of trusses, how- 
ever, it is essential to know the sign of the shear and of the 
stresses resulting therefrom. Furthermore, in many cases 
it will be necessary to find not only the maximum shear and 
stress but also the minimum values, so that the greatest 
range of stress to which the member is subjected may be 
known. 

MAXIMITM MOMENTS AND SHEARS IN TRUSSES 

57. Notation — Reactions. — So far, it has been assumed 
that the load was applied at every point along the beam. 
In the case of trusses and plate-girder bridges with floor 
systems, the load is applied along the stringers and trans- 
mitted to the trusses or girders by the floorbeams A 
truss, for example, is subjected to loads acting at the joints 
of the chords. It is necessary to find the maximum moments 
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at the joints and the maximum shears in the panels. In what 
follows, I will denote the length of the span; the length of 
one panel; the number of panels; w', the dead load per 
unit of length; a/", the live load per unit of length; the 
panel dead load; W”y the panel live load; the left 
reaction; and the right reaction. When necessary to dis- 
tinguish between reactions due to the dead and to the live 
load, the former will be denoted by one accent — RJ\ the 
latter, by two— RJ^. 

58. The loads W\ are taken as acting at the joints. 
By referring to Fig, 26, where tz = 6, it will be observed that 
the number of panel points (the end joints are not counted) 

Q 



is 6, or 6 — 1. In general, the number of loaded joints is 
;z — 1, or one less than the number of panels. This bemg 
the case, the total dead load on the truss is (« — 1) W'y and 
the total live load, when all the truss is loaded, is (« — 1) 
Therefore, in this case, 

= Hn^DW' = iin-Dpw^ 

= i(7i-l)W" = i{n-l)pw^f 
It should be kept in mind that w' and are, in this dis- 
cussion, loads per unit of length for one truss, not for the 
brtcige, 

59. JDead-Doad Moments and Shears. — The dead- 
load moments and shears are determined as for a beam 
loaded at various points In the case of a truss, those 
points are the panel points, each of which carries a load 
equal to Thus, the moment at b, Fig. 26, is Rx^ p] at c, 

R,'X2p- Wfp] at d, RJ X^p-W^X^p - W^p; etc. The 
shear between a and b is Rx\ between b and c, Rx — 
between c and d, R^ - 2 W^\ etc. The shear between a and b 
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is referred to as the shear in the panel ad; that between 
b and c, as the shear in the panel b c; etc. 

60. Dive-Load. Moments. — The inaximum live-load 
bending- moment at any joint occurs when the whole truss is 
loaded; that is, when a load equal to is applied at every 
joint of the loaded chord, and is calculated in the same 
manner as the dead-load moment. Thus, the maximum 
live-load bending moment at d is equal to 

X 3;^ - W" X^p^W^^Xp 

61. Live-Load Shears. — For the maximum positive 
live-load shear at any section in a beam, it has been shown 
that the beam should be fully loaded up to that section from 
the right, and should have no load on the left of the section. 
In any panel the truss represented m Fig. 26, the posi- 
tive shear on any section q equals the left reaction minus 
the load, if any, at the joint b. For a maximum positive 
shear, the live load should extend up to joint c at least, 
for up to this point the reaction is the only force acting 
on the left of the section, and this increases as the load is 
moved from the right until it reaches r. If the load advances 
beyond r, the joint b will begin to receive some load, and the 
shear will then be equal to the left reaction mmus the load 


B I> B T 



at b. As the load continues to move to the left, the reaction 
is increased, but the load at b is also increased, so that the 
shear m the panel may be increased or decreased by such 
movement, according to the relative increase in the left 
reaction and the load at h. There is a certain point in each 
panel to which the load should extend in order that the shear 
in that panel may be a maximum. That point is determined 
as explained in the next article. 
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62. Let b c, Fig. 26, be any panel in which the maximum 
live-load shear is to be determined. Let the load, whose 
amount per unit of length will be denoted by w", cover all 
the panels on the right of c, and extend a distance x to the 
left. The number of panels in the truss will be denoted 
by ft, and the number of panels on the right of c, by f/i. 

It can be shown that the greatest shear in b^ occurs when 

( 1 ) 


72 — 1 


and that the value of the shear, for one truss, is then given 
by the formula 


yf/ _ ly/f 


wr 


2U-1) 


( 2 ) 


Note. — The derivation of formulas 1 and 2 is as follows: 
reaction found by the usual methods, we have 


For th#^ 


2/ 


The load on the left of c is x, whose lever arm about c is 


This 


load is to be resolved into two components, one acbng at d and the 
other at c Let W' be the component at d, or the partial panel load 
at the latter point. Taking moments about c, 


whence 


Wifff 


2 

2p 




The live-load shear VbJ^ in the panel ^ ^ is equal to RJ' — or, 
substituting the values of R^*^ and 

p my _ 

21 2p 

v/f px^ 4- 2 p*mx->r 
“ 2 ^ ip 

^ wi* -1- 2 p^mx “{/ — /) AT* 

" 2 ^ Ip 

or, since I ^ np, and, therefore, I - p - n p - p ^ {n -‘X) p^ 

^ p^m'^ 2 p^mx — (« — 1 ) 

2 ^ Ip 

Ti/ff p'^ fn^ + 2 p m X — {n 1) x^ 


VbJ* 


- -ttX^ 


tX 

Tgjff 
- V 
2 ^ 


>•»»• •+•(»- 1 ) ^ 
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This expression evidently has its greatest value when ^ - at « 0 

Hence, for the position of maximum live-load shear, 

— ^ ^ 


X = 


n-V 


yj' = ^ X 


which 16 formula !• 

Making writing p n for /, the resulting value 

of the maximum shear becomes 

p n 

,, pw} — — r 

_ ze/' ^ « — 1 

“ « 

p w* (« — 1) -f pm* 

“ T ^ «(«-!) “ 2 (« - 1) 

or, since ze/'^ is the value of one panel load, 

Max = 2(^-1)- 

Which is formula 2. 

Example — Referring to Fig 26, suppose that the panel length is 
15 feet, and that the live load is 1,200 pounds per linear foot 
Required’ {a) the distance x that the load should extend to the left 
of Ct m order that the live-load shear m the panel 6 c may be a 
maximum, {6) the value of that maximum shear for one truss 

Solution — [a) To apply formula 1, we have ^ =* 16, w =» 4, and 
« 6. Substituting in the formula, 

16X4 


6-1 


12 ft. Ans. 


(d) To apply formula 2, we have, in addition to the values just 
stated, 

^ 1,200^X 16 

Substituting m the formula, 


9,000 lb. 


VtJ' = 9.000 1)) = W,400 lb. Ans. 


EXAMPLES FOB PRACTICE 

1 A five-panel bridge whose panel length is 14 feet carries a live 
load of 1,440 pounds per foot Required, (a) the distance at that the 
load should extend to the left of the third joint (counted from the left 
end of the bndge) in order that the live-load shear in that panel may 
bo a maximum; {6) the value of the maximum shear m that panel, for 
one truss. . f (a) 10 6 ft. 

11.3401b. 



§ 6 ? 


STRESSES IN BRIDGE TRUSSES 


86 


2 A seven-panel bndge whose panel length is 16 feet carries a 

live load of 1,600 pounds per foot Required* {a) the distance jc that 
the load should extend to the left of the fourth joint (counted from the 
left end of the bridge) in order that the live-load shear In that panel 
may be a maximum, (6) the value of the maximum shear in that 
panel, for one truss, Anc / M 

\{d) 16,0001b. 

3 {a) In the bridge in example 2, how far should the load extend 
to the left of the third joint (counted from the nght end of the bndge) 
in order that the live-load shear in that panel should be a maximum? 
(6) What IS the value of that shear for one truss? 

I (^) 4,0001b. 

63, Approximate Method of Calculation. — In calcu- 
lating the maximum live-load shear in any panel, it is 
customary to assume that all panel points on one side of the 
panel are loaded with one full-panel load and that those on 
the other side have no load. Thus, the maximum live-load 
shear in 6 c. Fig. 26, is found by assuming each of the joints 
/, (?, dy and Cy to carry a full-panel load, and the joint d to be 
unloaded. The shear is then taken equal to the left 
reaction corresponding to this assumed distribution of the 
load. It IS, however, obviously impossible fully to load one 
panel point of a truss by means of a uniform load placed 
on the floor, without also causing a half-panel load at the 
next panel point. For example, the point c cannot be fully 
loaded unless the floor in the panels dc and cd is loaded, and 
this gives a half-panel load at the point d. If the load at b 
is neglected, and it is assumed that there is a full-panel load 
at Cy the computed shear in the panel dc will be too large. 
This approximate method, therefore, gives results larger 
than the actual shears, but, as the error is not great, it is 
usually neglected. The error is greatest near the center 
of the truss, and zero at the end — a result not altogether 
undesirable, as it tends to increase the size of the small 
web members near the center. 
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GENERAL METHODS OF CALCULATING 
STRESSES 


INTBODUOTION 

64. Oonditlons of Equilibrium. — The stresses in the 
members of a structure are determined by applying: the g:en* 
eral conditions of equilibrium established and illustrated in 
Analytic StatreSj Part 2, and in Graphic Statics, As there 
stated, when a structure or any part of it is m equilibrium 
under the action of forces, the forces fulfil the following: con- 
ditions: (1) the algebraic sum of their verti- 
cal components is equal to zero; (2) the 
algebraic sum of their horizontal components 
is equal to zero; (3) the algebraic sum of 
^ their moments about any point or line is 

^ equal to zero. 

If S, Pig. 27, represents the stress in any 
member; the angle that the member 
makes with a horizontal line; the hori- 
zontal component of S; and Vy the vertical 
component; then, any two of the quantities 5, Xy V can be 
found from the right triangle ABC when the other quantity 
and the angle H are known. Thus, 

X — S cos Hy y = 5* sin ^ = JT tan Hy S ^ X sec Hy etc. 

The functions of the angle H can usually be determined 
from the dimensions of the truss, in which the lengths of the 
horizontal and of the vertical members are generally known. 
Thus, for calculating the stresses in Bcy Fig. 29 (a), we have 

be' 



tan H = tan Bcb = 


sec 


H = El = = /i + (E£\* 

be bc\ \ \bc) * 


etc. 
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As usual, forces acting upwards will be treated as positive, 
and those acting downwards as negative. 

For a vertical member, the angle H is 90°, the horizontal 
component is zero, and the vertical component is equal to 
the stress in the member, for a horizontal member, the 
angle H is zero, the horizontal component is equal to the 
stress in the member, and the vertical component is zero. 

As explained in Analytic Statics^ Part 2, the three condi- 
tions of equilibrium are thus expressed algebraically: 
J^=i’5cos^r=0 

0 

66. Pree-Body Method. — In applying the foregoing 
principles to the calculation of the stresses in the members 
of a truss, the truss is considered as cut into two parts by 
a surface that cuts several members, among them the 
member or members whose stresses are sought. Either of 
the two parts is treated as a free body held in equilibrium 
by the loads, if any, that act on that part of the truss, and 
by external forces applied to the members cut by the sur- 
face, those external forces being numerically equal to the 
stresses in the corresponding members. The unknown 
stresses are then determined by applying the general con- 
ditions of equilibrium to the system of forces acting on that 
part of the truss which is treated as a free body. In order 
that those conditions can be applied, the cutting surface 
should not intersect more members in which the stresses are 
unknown than there are equations of equilibrium. 

This subject will be fully illustrated in subsequent articles. 

66. Indeterminate Stresses. — There are cases in 
which It is impossible to cut the truss by a surface without 
cutting more members than there are equations of equilib- 
rium The stresses in some of the members cannot then 
be found directly by applying the principles of statics to the 
members cut, and it is necessary to calculate one or more 
of the stresses independently, or to make an assumption 
regarding the distribution of stress among them. A truss 
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in which the stresses cannot be found by the principles of 
statics is said to be statically undetermined. The use 
of such trusses should be avoided as much as possible. 

67. Total Stresses. — The total or resultant stress m 
any member is found by adding together the stress due to 
dead load and that due to live load. This resultant is 
sometimes called the combined stress. 

68. Analytic and Graphic Methods. — Stresses may 
be determined either analytically or graphically. In some 
cases, the former method is preferable, m other cases, the 
latter. The analytic method gives exact results, is very 
easily applied to simple types of structures, such as parallel- 
chord trusses, and is used to a great extent in trusses that 
support live loads. The graphic method gives close approxi- 
mations to the real stresses, is easily applicable to all types 
of structures, and is especially useful in trusses that sup- 
port only fixed loads, particularly those trusses that have 
curved or inclined chords. In practice, it is customary to 
use the method that will give the desired result with the 
least amount of work. The stresses found by one method 
may be checked by applying the other method. 


ANAIiYTIO METHODS 


METHOD OF SECTIONS 

69. General Description ot tbe Method. — When the 
members cut by a surface — usually a plane — are non- 

concurrent, as when a 
plane /^i2. Fig 28, cuts 
two chord members and 
a web member, the 
stresses in one or two 
of the members cut 
may be found by apply- 
ing the equations of equilibrium to the part on either side — 
customarily the left-hand side — of the cutting surface, that 
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part being treated as a free body. This method of determin- 
ing stresses is called the method of sections. Some of 
the stresses may be determined by applying the equations of 
moments {I'M 0), and others by applying the equations 
of components (Z X = 0, ^ V == 0). The method is called 
also the method of moments and shears. When the 
equation of moments is used to determine the stress in one 
of three members cut, SiS A C {or A D) , the ongin of moments 
should be taken at the intersection (in this case B) of the 
other two. 

This method* being well adapted to all cases, is used more 
than any other, but is of special value for the determination 
of horizontal and vertical stresses. 


70. Special Case. — The application of the method will 
be understood by considering a special case. Fig 29 (a) 
shows a truss loaded with three equal loads W, The 

3 

reactions and Ba are each equal to It is proposed 

to find the stresses in BD, Be, and be. The truss being cut 
by a plane PQ, the part on the left is treated as a free body 
held in equilibrium by the reaction by the load W at b, 
and by the forces 5., and Sz, equal, respectively, to the 
stresses in B D, Be, and be, these forces acting at K, L, 
and N, as shown in Fig. 29 (^). The directions in which 
Su Sa, and 5a act are not known, but may be assumed: if 
the value of a stress comes out positive, the assumed direc- 
tion is correct; if negative, the stress acts in a direction 
opposite to the one assumed In general, the true direction 
can be ascertained by inspection. 

Member Be , — The vertical forces acting on the part 
a B KL N, Fig, 29 (3) , are - W, and -5. sin H, There- 
fore, the equation .T 5 sin =0 gives 

_ W- Sz sin H = 0; 

whence S. sm H = Ji, -W = ^ -W ^ 


and 


S.= 


W W „ 

Bi 



40 


STRESSES IN BRIDGE TRUSSES 


§67 


The value of S. is positive; therefore, the assumed direc- 
tion IS correct. If the force S, is applied to B L at Z, the 
joint B being supposed to be fixed, its effect will be to 
lengthen B L; hence, the stress m BL, and therefore in Be, 
is tension. If the value of S, had come out negative, this 
would have indicated that the direction of 5# was opposite to 



rd) 

PlO. 20 


that assumed, and that the stress in was compression 
instead of tension. 

It will be noticed that the vertical component of the stress 
in is the shear on the truss at the section PQ, For this 
reason, the method of determining stresses by applying the 
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equation I S sin H = O is called the method of shears. 
This method is especially useful in findmgf web stresses. 

Member B D . — From the equation H M = Oy taking the 
point c as the center of moments and assuming that St acts 
toward the point By we have, since the lever arms and, there- 
fore, the moments of 5a and 5» about c are each zero, 

Wxp-S^Xh ^ 0 ; 

whence 


h h 

The value of Sx is positive, which shows that the assumed 
direction is correct, and that the stress in ^ Z? is compression. 

Member be, — From the equation ^ M = 0, taking the 
point B as the center of moments, and assuming that 5* acts 
away from Ny we have, since the lever arms and, therefore, 
the moments of Wy 5*, and 5i about B are each zero, 
RxXp-S,Xh = 


whence 5. = ^ ^ = |4 ^ 

A h 2/i 

The value of 5a being positive, the assumption that 5, 
acts away from the point b is correct, and the stress in 
is tension. 


METHOD OF JOINTS 

71. General Description of the Method. — ^When the 
truss IS cut by a curved surface, as GFIy Fig. 28, in such a 
manner that all the members cut are concurrent, the stresses 
in one or two of these members can be determined by con- 
sidering as a free body that part of the truss which contains 
the joint (in this case B) common to the members cut. This 
is called the method of Joints, or the method of resolu- 
tion of forces. The equations best adapted to this 
method are the equations of components 2' 5 sin ^ = 0, and 
25cosi7= 0. 

The me±od of joints is especially useful for finding 
stresses in parallel-chord trusses that support fixed loads; it 
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is not well adapted to trusses with curved or inclined chords, 
nor to those that support live loads 

73. Illustrative Example. — Let it be required to cal- 
culate the stresses in the members of the truss shown in 
Fig. 29 (a). Smce there are, in this case, only two equa- 
tions of equilibrium, it is necessary to begin with the joint a, 
where only two stresses — that mad and that in aB — are 
unknown. The truss is cut by the surface G and the part 
containing the joint a is treated as a free body, as shown in 
Fig. 29 (^). The forces acting on this part are •S'l, and 5**, 
the last two being numerically equal to the stresses m aB 
and a by respectively In this case, Ih is the angle made 
by a ^ with the horizontal. The functions oiHx(ov oiB ab) 
can be found from the triangle Baby Fig 29 (a). 

The vertical component of 5i is — Si sin Hi\ that of 5, is 0; 
therefore, the equation S Y = gives 

— Sx sin Hx = 0 , 

whence 6*1 = -T—rr “ 

sin Hx 

The horizontal component of Sx is equal to 

^ StCQS Hx = COSJ^i = — ^iCOt-ffi 

sin Hx 

The equation S X ^ 0 gives, since the reaction Rxx being 
vertical, has no X component, 

S^ — cotHx = 0 , 
whence S^ = -fficot^i 

It is necessary to consider joint b next before going to 
joint B, The part containing the jomt b is shown in Fig. 29 {d) 
as a free body. The forces acting are Sa, already deter- 
mined, Wy 5., and 5*. As neither S^ nor P^has a horizontal 
component, the forces 5 , and 5* must be numerically equal; 
and, as neither S^ nor 5 * has a vertical component, S^ must 
be numerically equal to W. This determines the stresses 
in bB and b c. 

The joint B is shown in Fig. 29 ie) as a free body acted 
on by the forces Sx and S»y already determmed, and by the 
unknown forces 5 . and which are equal, respectively, to 
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the stresses m. B D and Be. Since the force 5’,, being hori- 
zontal, has no vertical component, the equation 2" R" = 0 
takes the following form: 

sin H^~ S, — S, sin = 0; 

whence ~ 

sm Hx 

The horizontal component of 5. can now be found, and 
putting the algebraic sum of this component, that of 5i, and 
that of (which is equal to itself) equal to zero, the value 
of 5. can be found. 

GRAPHIC METHODS 

73. Metbod of Moments and Shears. — In the graphic 
method, the moments and shears are found by means of the 
force polygon and the funicular, or equilibrium polygon. 
The stresses are then found in the same way as m the ana- 
lytic method of sections. This graphic method (of moments 
and shears) is as a rule no shorter than the analytic method 
for finding the stresses in bridge trusses, and its use is not 
recommended for the ordinary cases of loading. There are 
special cases of loading, which will be discussed later, in 
which It is sometimes employed. 

Fig SO (a) shows a truss with five panel loads W, The 
force polygon for the external forces, including the reactions, 
is shown in Fig 30 (^), and the equilibrium polygon is 
shown in Fig. 30 (d). As explained in Graphic Statics^ the 
moment at any point, such as c, is equal to the intercept d 
multiplied by the normal ray N. The shear in any panel, 
such as bc^ is equal to Rx — which in the force polygon 
is [Q-l) - (i-2) = 0-2. 

When the truss is cut by the plane PQ^ Fig. 30 ( a ), the 
moment of the stress inB C about c is numerically equal to 
the moment of the external forces on one side of PQ about 
(see Art. 70), and therefore the stress m is obtained 
by dividing that moment by the lever arm Cc, which is the 
depth of the truss The vertical component in is equal 
to minus the shear in the panel 6 c; that is, to minus the alge- 
braic sum of the external forces on the left of PQ. This 
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follows from the fact that, if Vis the shear on PQ and Fis 
the vertical component of the stress m B c, then 
y+ V= 0; whence Y = -V 



Pio. 8C 


74. Metlxod by tbe Stress Dla^am. — The stresses la 
the members may also be found by the stress diagram in the 
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same way as by the method of joints. The stress diagram 
IS first drawn for a joint at which the number of unknown 
stresses does not exceed two, then for the next joint at which 
the number of unknown stresses does not exceed two, and so 
on until the desired stresses are found. This is called the 
metliod by tlie stress dla^am, and is very well adapted 
to trusses that support a fixed load, especially those having 
curved or inclined chords. When the graphic method is 
shorter than the analytic, the stress diagram gives the result 
with less work than the graphic method of moments and 
shears, and is, therefore, preferable. 

Fig. 30 (d) is the stress diagram for the truss shown in 
Fig. 30 (a). The portion of the diagram in full lines gives 
the stresses in all the members to the left of the center; the 
portion in dotted lines gives the stresses in all the members 
to the right of the center, and is drawn simply as a check, 
the truss and loading being symmetrical. 

The character of the stress in any member may be found 
from the sense of the vector that represents the stress in the 
member. As explained in Graphic Statics^ if the sense of one 
of the vectors of a force polygon representing a balanced 
system is known, the senses of all the others may be found 
by taking them in cyclic order with the known vector. For 
example, at joint Fig. 30 (a), there are three forces, as 
shown in Fig. 30 {e)\ and S^. The sense of is 

upwards and is represented by the vector 0-1 m the stress 
diagram; the sense of S% is given by taking 1-16, and of 5, 
by taking 16-0 in cyclic order with 0-1, Then, S* is a 
pull, as the direction of 1-16 is toward the right, away from 
joint a) and is a push, as the direction of 16-0 is down- 
wards to the left toward joint a. Therefore, the stress in a ^ 
IS tension, and that \na B compression. In hke manner, 
the character of the stress in any other member may be 
determined. 
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BXAMPLBS FOR PRACTICE 

1. Using the analytic method of sections, calculate the stresses in 
the members bc^bC, and C of the truss shown in Fig. 31, assuming 



a load of 6,000 pounds at each of the joints 6, and d, 

{ Stress in be 12,000 lb compression 
Stress in 6 C = 3,900 lb tension 
Stress in ^ C = 9,000 lb tension 

2. Using the analytic method of joints, calculate the stresses in 
the members that meet at joint b of the truss shown m Fig 32. 


B O ZP 



{ Stress in ab ^ 4,500 lb tension 
Stress In ^6 = 4,600 lb tension 
Stress m bC = 2,120 lb compression 
Stress in be = 6,000 lb tension 


3 Using the stress diagram, determine the stresses in all the 
members of the left half of the truss shown m Fig 32, assuming a load 


of 4,600 pounds at each of the joints 6, c, and d 


Ans < 


Stress \n aB = 9,650 lb compression 
Stress \n ab — 6,760 lb tension 
Stress in B b = 6,750 lb tension 
Stress in = 6,760 lb compression 
Stress in ^ C = 3,180 lb compression 
Stress in ^ ^ = 9,000 lb tension 
Stress in = 4,600 lb tension 



STRESSES IN BRIDGE TRUSSES 

(PART 2) 


PARALLEL-CHORD TRUSSES 

THE SINGLE-SYSTEM WARREN TRUSS 


INTRODUCTION 

It Description. — The Warren truss, Figf. 1, is a 
simple type of truss with parallel chords, m which the web 
members are all inclined and make the same angle with the 
vertical, giving the truss the appearance of a series of con- 
nected isosceles triangles; it is sometimes called the triangular 



truss. The Warren truss is used in deck, through, and half- 
through bridges, is more frequently built as a nveted than as 
a pin-connected truss, and is especially adapted to the shorter 
spans for which trusses are used. For spans up to about 
100 feet, it IS frequently spoken of as a lattice girder. For 
longer spans, it is sometimes built with subdivided panels, 
or with multiple systems of web members. 

OOPYRIQHTCD BY INTERNATIONAL TEXTBOOK OOMPANY ALL RiaHTE RBBERVED 
§68 
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2. Methods of Calculation. — The stresses in the mem- 
bers of the simple type of Warren truss can be readily found, 
either graphically or analytically, by applying the general 
conditions of equilibrium. The work of calculation by the 
analytic methods is so simple that the graphic method is 
seldom used in practice for this type of truss. 

The analytic methods are illustrated in the following arti- 
cles, which contain the calculations of the maximum and 
minimum stresses in all the members of the six-panel truss 
shown in Fig. 1. This truss has a span of 90 feet and a 
height of 12 feet; the dead load is taken as 600 pounds, and 
the live load as 1,600 pounds, per linear foot of the bridge, all 
the dead load is assumed to be applied at the joints of the 
loaded chord, and the truss is assumed to support one-half 
the entire load on the bridge. 

METHOD OP SECTIONS 

3. Panel Loads and Reactions. — The dead panel 
load W' for one truss is equal to X 15 = 4,600 pounds. 

A 

As explained in Stresses in Bridge Trusses ^ Part 1, the number 
of panel loads considered in determining the reactions is one 
less than the number of panels in the truss. In this case, the 
number of panels in the truss is six; therefore, only five 
panel loads are taken into account in determining the reac- 
tions. The reactions i?/ and Fig. 2 (a), due to the dead 
load are each equal to 

4,500 X 6 _ 11^260 pounds 
2 

The live panel load for one truss is equal to — X 16 

2 

= 12,000 pounds; and the reactions i?i" and for a fully 
loaded truss are each equal to 

12,000 X 6 on non j 
= 30,000 pounds 

a 

4. Chord Sti-esses In General. — Chord stresses may 
be conveniently determined by the method of sections 
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explained in Analytic Statics^ Part 2, and in SU esses in Bridge 
Trusses^ Part 1. The dead loads and reactions are shown in 
Fig. 2 (a). The method will be illustrated by determining 
the dead-load stresses in CD and cd. The truss maybe 
considered cut by a plane q intersecting the members CD, 
cD, and cd. The portion of the truss to the left of section^ 
IS shown m Fig. 2 (^), the external forces being at a, 


Q r m 

B O \ _ B i C' B' 



Fio. 2 


IV' at b, W' at c, and the forces 5,, and 5*, equal numer- 
ically to the stresses in the members cut. 

Assuming that the stress in CD compression, Sx will be 
directed toward the left, and its magnitude may be com- 
puted by taking moments of all the forces about c, the 
point of intersection of 5, and Sz. The moments of the 
load at c and of 5 b and Sz are each equal to zero, since 
their lever arms are zero. Writing the equation for the 
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moments of all the forces shown in Fig. 2 (3) about the 
point Cy we have 

Rt X 30 - X 16 - 5. X 12 = 0; 

whence 

hW* 




Rf X 30 X 16 _ 2 


12 


X 30 - IT' X 16 
12 


4IF'X 16 
12 


As the value of 5i comes out positive, the assumption that 
the stress in CD is compression is correct. The advantage 
of taking ^ as a center of moments is that, by so doing, an 
equation is obtained that contains but one unknown force, 
namely, the other two, 5* and 5i, do not appear in the 
equation, since the moment of each is zero. The center of 
moments may be taken at any point, whether it is on the 
structure or not, but it is better, if possible, to take it at 
the intersection of two of the members, thereby elimina- 
ting the stresses in those members from the equation of 
moments. 

To find 5*3, the center of moments may be taken at the 
intersection D of 5j and 5,. Assuming the stress in c d to 
be tension, will be directed toward the right Taking 
moments about D, 

X 37 5 - tF' X 22,5 7.6 - 5*3 X 12 = 0; 

whence 5 . . X 87 6 - X 22.6 - X 7.6 

12 

If this comes out positive, the assumption that the stress 
m is tension is correct; if negative, the stress is com- 
pression, but its numerical value will be that determined by 
the last equation. 

In a similar manner, if the stress in D D' is required, 
the truss may be considered cut by a plane r, intersecting 
D D* y JDdy and cd^ or by a plane 5 , intersecting D D^y dUy 
and d d . The portion to the left of section r is shown in 
Pig 2 {c)y the portion to the left of section ^ is shown in 
Fig. 2 (^) The proper center of moments is d. The stress 
^ D £>^ will be assumed as compression; then, 5, will be 
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directed toward the left. Writing the expression for the 
moment at d, 

RJ X 45 - IK' X 30 - X 16 - S'. X 12 = 0; 

whence X 46 - IK' X 30 - IK' X 16 

12 

In Fig. 2 (^ ) , the lever arms of 5. and 5* are each zero; 
in Fig 2. (d ) , the lever arms of 5. and Sr and of the load at d 
are each zero, hence, these do not appear in the equation 
of moments. 

The values of the other chord stresses can be found in 
a similar manner. All upper-chord members will be m com- 
pression and all lower-chord members in tension. 

6. It will be seen that the numerator of the expression 
for the stress in any chord member is, in each case, the 
sum of the moments of the panel loads and reactions at the 
left of the section, about the joint opposite the member. 
This sum is the bending moment on the truss at that 
point. The denominator is the height of the truss. We 
may, therefore, state the following general pnnciple: 

The dress in any chord member of a simple Warren truss 
is equal to the bending moment on the trusSy at the joint 
opposite the member considered^ divided by the height of the 
truss. 


6. Dead-Iioad Chord Stresses. — Applying the prin- 
ciple just stated to the determination of the dead-load chord 
stresses, the following values are found: 

, moment at B 11,260 X 7.6 

Stress m ^ , ^ = 

height 12 

= 7,030 pounds, tension. 

, moment at C 11,250 X 22.5 — 4,600 X 7 6 

- - 12 

= 18,280 pounds, tension. 

moment at 

height 

11,260 X 37.6 - 4,600 X 22.6 - 4.500 X 7.6 
12 


Stress incd — 


= 23,910 pounds, tension. 
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Stress inBC — 


Stress inCZ? = 


Stress in Diy^ 


moment a t b _ 11,250 X 3^ 
height 12 

14,060 pounds, compression, 
moment atjc _ n,260 X 30 — 4,500 X 16 
height 12 

22,500 pounds, compression, 
moment at 
height 

11,250 X 46 - 4,500 X 30 - 4,600 X 16 
12 


= 26,310 pounds, compression 
As the truss is symmetrical, the stresses in the members on 
the right of the center are equal to those in the correspond- 
ing members on the left That is, the stress in D'O is 
equal to the stress in CD] the stress in B' is equal to the 
stress in B C; etc. 


7. Llve-Ijoad Chord Stresses. — The maximum bend- 
ing moments, and, therefore, the maximum chord stresses, 
due to a moving load, occur \vhen the truss is fully loaded. 
This condition of loading is similar to the dead loading, each 
panel load being now 12,000 pounds, and each reaction 
30,000 pounds, in place of 4,600 and 11,260 pounds, respect- 
ively. The chord stresses may be found in precisely the 
same way as for dead loads; thus, 

stress m ab = ^ = 18,760 pounds 

12 

and so on. The results are (using the minus sign for tension 
and the plus sign for compression); 


Member 

Stress, in Pounds 

a h 

- 18,760 

be 

- 48,760 

cd 

- 63,760 

BC 

+ 37,600 

CD 

+ 60,000 

DD> 

+ 67,500 


8. As all the dead load is assumed as being applied at 
the joints of the loaded chord, the live-load stresses in the 
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chords may be obtained from the dead-load stresses by multi- 
plying the latter by the ratio of the live to the dead load per 

1 600 8 

linear foot, which ratio is ^ , or For example, the 

600 o 

dead-load stress in is —18,280, and the live-load stress is 

— 18,280 X f = — 48,760 pounds 
o 

9. Maximum and Minimum Gliord Stresses. — Since 
the live-load stress in any chord member is of the same sign 
as the dead-load stress, the maximum stress in the member 
is equal to the sum of the two stresses; and the minimum 
stress IS equal to the dead-load stress. 

10. Web Stresses in General. — The stresses in the web 
members may be found by the method of shears, explained in 
Stresses tn Bridge Trusses^ Part 1. For example, to determine 
the stress in the web member cD^ Fig. 2 (a), the portion of 
the structure to the left of section ^ may be considered as a 
free body, as shown in Fig. 2 (^). Any of the conditions of 
equilibrium may be applied to the forces shown. It is desir- 
able, if possible, to use an equation that contains the web 
force to be determined, but which does not mvolve either of 
the two forces 5, and 5*3. As and 5. are horizontal, they will 
not appear in the equation EY = -T 5 sin AT = 0. Assuming 
the stress mcDto be compression, will act downwards to the 
left. Writing the expression ior S Y = J 5 sin AT = 0 gives 

S Y = — vertical component of 5, = 0; 

that is, denoting the angle DcS^ by 

Rt - 2 - 5. sin AT = 0; 

whence sin H — — 2 W' 

and S, = ~ = (i?/ - 2 WO esc IT 

sin Ar 

The term ^ 2 IV' is the shear on the section there- 
fore, the vertical component S, sm AT of 5, is numerically 
equal to the shear on the plane of section that cuts e D, In 
general, the following pnnciple may be stated. 

For single-system parallel-chord trusses y the vertical component 
of the stress in any web member is numerically equal to the shea^ 
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on the plane of section cutting that web member and the two 
chord members between which the web member lies, and the stress 
in the same web member is numerually equal to the shear just 
referred tOy multiplied by the cosecant of the angle that the member 
makes with ike horizontal , 

11. Cliaracter of Web Stresses. — If the shear on 
section Fig:. 2 {b ) , is positive, the resultant of the external 
vertical forces on the left of the section acts upwards; then 
St must act downwards, and the stress in r Z? is compression. 
If the shear is negative, St acts upwards, and the stress mcD 
is tension. If the shear on section r, Fig. 2 (^:), is positive 
the resultant of the external forces on the left acts upwards, 

acts downwards, and the stress in Z? ^ is tension. If the 
shear is negative, ^4 acts upwards, and the stress \n Dd is 
compression. These conclusions may be stated as a general 
pnnciple thus: 

In those web members inclining downwards iowai'd the left 
or upwards toward the rights positive shear causes compression^ 
and negative shear tension, in those web members inclining 
upwards toward the left or downwards toward the rights posi- 
tive shear causes iensiony and negative shear compression. 

12* Dead-Load Shears and Web Stresses. — In order 
to 7 alculate the stresses in the web members due to dead 
load, it will be convenient first to find the shears on the 
sections cut by the planes Oypy etc.. Fig 3 (a). They are 
as follows: 


Mbiobr 

Section 

Shear, in Pounds 

aB 

0 

+ 11,250 

Bb 

p 

+ 11,260 

bC 

s' 

+ 6,760 

Cc 

r> 

+ 6,760 

cD 

d 

+ 2,250 

Dd 

t 

+ 2,260 

diy 

u 

- 2,250 


Prom symmetry, tne shears to the right of the center d 
will be equal and of opposite sign to the corresponding 
shears on the left. For example, the shear on section 
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Ms + 2,250 pounds, and that on section is — 2,260 pounds. 
The shears on the sections o and p are equal, as are also 
those on and and those on s! and t\ because, in each case, 
the two planes are passed between the same two panel loads, 
that IS, m the same panel of the loaded chord; and, as in 
the present case there are no loads applied at the joints of 
the unloaded chord, the shears on all sections in any panel 
are equal As all shears to the left of d are positive, the 
stresses m the members aB^bC^ and cD that mcline down- 
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1 ^ 1 

1 ^ 1 

1 


t 


1 i 1 

' S 1 

' 1 ' 

§ 


1 

B 


$ 

f' 

a 

(a) 

5 

$ 

i 





(h) 


Pro 8 


wards toward the left arje com- 
pression, and the stresses m the 
members Bb,Cc, and Dd that 
incline upwards toward the left 
are tension. On the right of 
the center, the shears are neg 
ative; and the stresses in the members that incline down- 
wards toward the left are tension, while the stresses in those 
that incline upwards toward the left are compression. In 
the present case, the stresses maB and Bb are equal and of 
opposite signs, as are also those in and Cc, etc. 

Referring to Fig. 3 (a), and applying the general pnn 
ciple given in Art. 10, we have 


CSC H = CSC BaK = 


Ba 

BK 


BK 


V12- + 7.6-.118 
BK 12 
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The web stresses can now be computed. They are as 
follows* 

Member Stress, in Pounds 

aB, a* 11,250 X 1.18 = + 13,280 

Bb, B^y 11,250 X 1.18 = - 13,280 

h C, y C 6,750 X 1.18 = + 7,970 

Cc, Cd 6,750 X 1.18 = - 7,970 

cD,d ly 2,250 X 1.18 = + 2,660 

Dd.D'd 2,250 X 1.18 = - 2,660 


13. Ltive-Iioad Shears and Web Stresses. — The 
stresses caused in the web members by the live load may be 
found from the shears. As the maximum stresses are 
desired, the truss must be so loaded as to cause the maxi- 
mum shear for each case. The approximate method of 
loading explained in Stresses in BHdge Trusses^ Part 1, will 
be used. The maximum positive shear in any panel occurs 
when all joints to the right of the panel are loaded; the 
maximum negative shear occurs when all joints to the left 
are loaded. Thus, in member Cc^ Fig. 3 (a), the maximum 
tension occurs when all joints from c to 5' are loaded; and 
the maximum compression occurs when the joint b is loaded. 
When joints to ^ are loaded, the left reaction is 


12,000 X (1 + 2 + 3 + 4) 
6 


20,000 pounds 


As there is no load at b, the only force acting on the por- 
tion of the truss to the left of d is the left reaction. Then, 
the shear m the panel is equal to the left reaction, 
Fig. 3 {b), or 20,000 pounds. The stress in Cc is equal to 
the shear m panel be multiplied by esc or, 

stress in = 20,000 X 1.18 = 23,600 pounds, tension 
In like manner, the stress in any other member may be 
found. The maximum positive live shears are as follows: 


Panel 

Load 

Shbak, in 
Pounds 

ab 

From b to y 

30,000 

be 

From e to y 

20,000 

cd 

From d to V 

12,000 

dd 

At d and y 

6,000 

dy 

Kty 

2,000 
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In the panel b' there can be no positive shear. 

The maximum negative shear in any panel is numerically 
equal to the maximum positive shear in the corresponding 
panel at the other end of the truss The maximum and 
minimum stresses in the members can now be found by 
multiplying the respective shears by esc H, These stresses 


are given in the 

following table: 



Panel 

Member 

Positive 

Shear 

Pounds 

1 Stress Due to 
Positive Shear 
Pounds 

Negative 

Shear 

Pounds 

1 Stress Due 
to Negative 
Shear 
Pounds 

a b 

aB 

30,000 

+ 3 S .400 



a b 

Bb 

30,000 

- 35.400 



be 

bC 

20,000 

+ 23,600 

2,000 

- 2,360 

be 

Cc 

20,000 

— 23,600 

2,000 

+ 2,360 

ed 

eD 

12,000 

+ 14.160 

6,000 

— 7,080 

ed 

Dd 

12,000 

— 14,160 

6,000 

+ 7.080 


14 . Combined Shears and Web Stresses. — The 
maximum and minimum stresses caused in the members on 
the left of the center by combined dead and live loads may 
be found by multiplying the maximum and minimum shears, 
respectively, by esc H, The maximum shear in any panel 
is equal to the sum of the positive dead-load and the positive 
live-load shear in the panel; the minimum shear is equal to 
the algebraic sum of the positive dead-load and the negative 
live-load shear in the panel. In columns 3 and 6 of the 
following table are given the maximum and minimum 
shears, respectively; while in columns 4 and 6 are given the 
maximum and minimum stresses, respectively, each stress 
being obtained by multiplying the corresponding shear by 
CSC H. 

In the members aB and Bb, the minimum stresses are 
equal to the dead-load stresses, as there can be no negative 
live-load shear in the panel a b. The minimum stresses in 
cD and Dd are of opposite sign to the maximum, because 


ILT 334—8 
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in the panel cd the negative live-load shear exceeds the posi 
tive dead-load shear. Under the special conditions here 
assumed, the combined shear is positive when the joints to 
the right of d are loaded, and negative when those to the 


1 

2 

3 

4 

5 

6 



Maximum 

Maximum 

Minimum 

Minimum 

Panel 

Member 

Shear 

Stress 

Shear 

Stress 



Founds 

Pounds 

Pounds 

Pounds 

ah 

aB 

+ 41.250 

+ 46,680 

+ 11,250 

+ 13,280 

ab 

Bb 

+ 41.250 

— 48,680 

+ 11,250 

— 13,280 

be 

bC 

+ 26,750 

.+ 31, '570 

+ 4.750 

+ 5,610 

be 

Cc 

+ 26,750 

- 31,570 

+ 4,750 

- 5,610 

ed 

cD 

+ 14.250 

+ 16,820 

- 3,750 

- 4,420 

ed 

Dd 

+ 14.250 

— 16,820 

- 3,750 

+ 4,420 


left of d are loaded. This is an important point, and shows 
that, in the present case, the members cD and Dd are some- 
times in tension and sometimes in compression, according to 
the position of the live load. The two values of the stress 
given for each member are the extreme values that can 


B O»f/^06O 0 !>' 



Pio 4 

exist in that member for the given loads. In each of the 
members aB^ Bb^ bC^ and Ct, the stress may have any 
value between the extreme values, and such stresses will 
always be of the same kind, that is, tension or compression, 
Tn each of the members cD and Dd^ the stress may have 



§68 


STRESSES IN BRIDGE TRUSSES 


13 


any value between the positive and the negative value given. 
The stress in each member will reverse when the combined 
shear changes from positive to negative. 

The stresses in all the members are shown in Figs. 4 and 6, 
which should be carefully studied. In Fig. 4, L represents 


B 6/560 O i-aZSOO B 928/0 i>' 



Pig. 6 

the live-load stress, and D the dead-load stress. In Fig. 6, 
the maximum is placed above and the minimum below the 
line representing the member. Notice how the maximum 
and minimum stresses in Fig. 6 are obtained by addition 
from the stresses in Fig. 4. 


METHOD or JOINTS 

16« For purposes of comparison, the maximum and min- 
imum stresses in the example of Art. 2 will be calculated by 
the method of joints. The truss is represented in Fig. 6 (^4), 
the dead panel load being 4,500 pounds, and the live panel 
load, 12,000 pounds. The figure gives 

cotH= ^otBaK= -1^=^= .625 

and, as before (Art. 12), esc H = 1.18. 

16. Dead-Load Stresses.— It will be convenient to 
start at j’oint a, as there are only two unknown stresses at 
that joint 

Joint a , — This joint is represented as a free body in 
Fig. 6 (a), the forces acting on it being the reaction 
Ryf = 11,250 pounds, and the forces Sx and 5., the last two 
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representing the stresses m aB and a by respectively. The 
stress in will be assumed as compression, and that in 
as tension. Then, Sy. will act downwards to the left, and 5, 
horizontally to the right. From the general conditions of 
equilibrium, we have, since the vertical component of S% is 
zero, 

lY ^ Ry! -Sy sin H = 0; 
whence sin H = 7?/ = 11,260 pounds 

and 

5. = 11,250 CSC = 11,260 X 1.18 
= 13,280 pounds, compression vnaB 


Likewise, since has no horizontal component, 
IX ^ SyCosH-S, = 0; 


whence 


5, = Si cos H = 11,250 CSC H cos ff 


= 11,250 


cosH 
sin II 


= 11,260 cot H = 11,250 X .626 
= 7,030 pounds, tension in a b 
Joint B. — This joint is represented in Fig. 6 {B)y the forces 
acting on it being 5^, 5,, and 5*, which represent the stresses 
in aBy B by and B C, respectively. The force Si is known 
and acts upwards to the right, the stress in Bb will be 
assumed as tension, and that in ^ C as compression. Then, 
5a will act downwards to the right, and 5* horizontally to the 
left. From the conditions of equilibrium, 

IV = Si sin H-S, sin H = 0; 
whence 5 b sin ^ = 5* sin H = 11,250 pounds 
and 5a = 11,260 esc = 13,280 pounds, tension in 


Likewise, 

IX = 5x cos B + S, cos II-S, = 0; 


whence 

5 '. = (St + S,) cos 1/ = (11,260 CSC ^ + 11,260 esc II) cos II 
= 22,500 CSC H cos H = 22,600 cot H 
= 14,060 pounds, compression xa. B C 
Jotni b. — This joint is represented in Pig. 6 (i), the forces 
acting on it being S., and .S'., which represent the 
stresses yaab,Bb,bC, and be, respectively; and the panel 
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load of 4,600 pounds. The latter acts vertically down- 
wards, St acts horizontally to the left, and St acts upwards 
to the left; Sb and Sb are unknown. The stress in dC 
will be assumed as compression, and that in as tension. 
Then, 5. will act downwards to the left and Sb honzontally 
to the rig^ht. 

StsinN- 4,500 - 5. sm 77 = 0; 

whence 

S. sin H := Sb sin H- 4,600 = 11,260 - 4,600 
= 6,760 pounds 

and 

Sb = 6,750 CSC H = 7,970 pounds, compression in ^ C 
Likewise, 

S X 5*1 + ^5 cos If + Sb cos H ^ Sb = 0; 

whence 

►S’. = 5a + 5a cos H+ Sb COS If 

= 11,250 cot 77+ 11,250 esc 77 cos 77+ 6,760 esc 77 cos 77 
= 29,250 cot H = 18,280 pounds, tension m be 
Joint C. — This joint is represented in Fig. 6 (C), the forces 
acting on it being 5., 5„ 5,, and 5,, which represent the 
stresses in B C, bC^ Cc^ and C77, respectively; 5* acts hori- 
zontally to the right, 5. upwards toward the right, while 5, 
and 5 b are unknown, The stress in Cr will be assumed as 
tension, and that in CD ns compression. Then, 5r will act 
downwards to the right, and 5. horizontally to the left. 

5 y = 5, sm 77- 5, sm 77 = 0; 

whence 

5t sin TT = 5. sin 77 = 6,760 pounds 

and 

5r = 6,760 CSC 77 = 7,970 pounds, tension in Cc 
Likewise, 

IX = 54 + 5. cos If + Sr cos 77 — 5a = 0; 

whence 

5. = 5. + 5b cos 77+57 cos If 

= 22,500 cot 77 + 6,760 esc 77 cos 77 + 6,760 esc If cos If 
= 36,000 cot 77 = 22,500 pounds, compression m CD 
Joint c. — This joint is represented m Fig 6 (^), the forces 
acting on it being 5„ 5r, 5., and 5i., which represent the 
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stresses m bc^ Cc^ c and cd, respectively; 5, acts horizon- 
tally to the left, and 5 t upwards to the left; while 5*. and 5io 
are unknown. The stress va cD will be assumed as com- 
pression, and that in cd sls tension. Then, will act 

downwards to the left, and Sio horizontally to the right. 

-S' y = SrSmH-S. smH- 4,500 = 0; 

whence 

Sb sin = 5r sin — 4,500 = 6,750 — 4,500 = 2,250 pounds 
and 

St = 2,250 CSC // = 2,660 pounds, compression in 
Likewise, 

SX = Se + Sr cos N+ St QOS N— Sio = 0: 

whence 

5io = Se + Sr cos 11+ St cos H 

= 29,250 cot 6,750 CSC cos + 2,250 esc ^cos ^ 
= 38,260 cotJI — 23,910 pounds, tension in cd 
Joint D. — This joint is represented in Fig. 6 (Z?) , the forces 
acting on it being St^ 5#, and 5ia, which represent the 
stresses in CD, cD, D d, and DD, respectively, 5. acts 
horizontally to the right, and 5. upwards to the right, while 
5,1 and S^t are unknown. The stress in Dd will be assumed 
as tension, and that in D D' as compression. Then, S^ will 
act downwards to the right, and 5i. horizontally to the left. 
yy= St sin H- Sr, sin H = 0; 

whence 

5ix sin U = St sm II = 2,260 pounds 

and 

5i, = 2,250 CSC U = 2,660 pounds, tension in Dd 
Likewise, 

IX = S, + St cos 11+ Sii cos H — Sit — 0; 

whence 

Sit = St + St cos H + 5ti cos U 

= 36,000 cot H + 2,250 esc HqosH+ 2,250 esc Hoot H 
= 40,500 cot H = 25,310 pounds, compression inDIJ 
Joint d — This joint is represented m Fig 6 (d). It is evi- 
dent at once that is numerically equal to 5,„ and that Sit 
IS numerically equal to 5,o. Therefore, the stress m is 
2.660 pounds tension, and that m dd is 23,910 pounds tension 
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It is unnecessary to proceed further than joint d, as the 
stresses in the members at the right end are the same as 
those in the corresponding members at the left end. 

From the preceding discussion, it may be seen that the 
stress in any web member is equal to the algebraic sum of 
all the vertical forces that act on the truss on the left of the 
member considered, that is, to the shear in the panel in which 
the member is located, multiplied by csc-fiT (see Art. 10). 

17. For the chord members, it is convenient to refer 
again to the stress in one of the members, such as cd^ 
Fig. 6 {c) {joint c). The equation = 0 gives 
= Sn + Sf cos /f + cos 1/ 

Substituting for 5. its value 5* + Sa cos H -{- cos 
S'lo = Sa + cos 11+ S,cosB+ S, cos 1/ + S. cos H 
Likewise, substituting for its value cos H, 

Sio = 5*1 cos -fir + 5a cos H + + 5, cos H + cos H 

Letting Fi, Fb, etc. represent the vertical components of 
the stresses 5,, 5o, etc., and substituting for 5,, etc their 
values Fi CSC -fir, Y^cscH, etc., respectively, we have 
5,0 = F, CSC -fir cos /r+ Fa CSC /r cos AT + FaCsc/ficos/T 
+ Fr csc/Tcos ifir + F, csc/Tcos-fi^ 

= F, cot fir + Fa cot fir + F. cot fir + f, cot fir 

+ Focotfir= (F,+ Fa+ F.+ F,+ Fo)cotfi/ 
Now, Fi cot fir. Fa cot fir, etc. are the horizontal compo- 
nents of the stresses in aB^Bb^ etc., respectively, and the 
sum of these components from F, cot H to F^ cot fiT is the 
algebraic sum of the horizontal components of the stresses 
in all the web members that connect with the lower chord 
at the left of cd In like manner, it may be shown that 
the stress in is equal to the algebraic sum of the 

horizontal components of the stresses in all the web mem- 
bers that connect with the upper chord to the left of Z? Z?'. 
In general, 

stress in any portion of either chord is equal to the alge- 
braic sum of the horizontal components of the stresses in all the 
web members that connect with the chord at the left of the portion 
ionsidered. 
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18. In the present case, the web members all make the 
same angle with the horizontal; that is, H is constant, and 
the stress in a chord member, such as cd^ is equal to 
( Ki + y* + Kb + 1^7 + y.) cot H, Letting I'V represent the 
sum of the vertical components in all the web members that 
connect with a chord at the left of any portion, then, the stress 
in that portion may be found by the formula 
5 = lYXQotH 

In applymg this formula to the determination of the stress 
in a chord member, care must be taken that the horizontal 
components are given the proper signs. For example, for 
cdy the truss may be considered cut by the section 
Fig. 6 (<f ) , and the portion below and to the left of this sec- 
tion treated as a free body The horizontal forces that act 
on this portion are the horizontal components of 5*., etc., 
and the stress in cd. Siy Sb, and act downwards to the 
left, and Sn and Sr act upwards to the left; therefore, all the 
horizontal components of these stresses act to the left, and 
in finding 5,o the vertical components of the stresses from 
Si to Sw must be added numerically to find I V 

From the foregoing, the following general rule is derived 
To hnd the stress i7i a7iy web member of a single-system Warren 
truss by the method of jointSy multiply the shear in the panel in 
which the member is located by cscH, to find the stress in any 
chord member y multiply by cotH the algebraic sum of all the 
shears used in obtaining the stresses in all the web members that 
connect with the chord at the left of the member considered. 

The application of this rule can be greatly simplified by 
constructing a diagram, as shown in Fig. 7. A sketch of the 
truss is drawn (not necessarily to scale) and on the upper 
side of each web member is written, with its proper sign and 
as the coefficient of esc H, the shear m the panel in which the 
member is located. On the upper side of each chord member 
is written, as the coefficient of cot Hy the algebiaic sum of 
the shears that have been wntten on all the web members 
that connect with the chord at the left of the member con- 
sidered. On the under side of each member is written the 
stress obtained by performing the indicated multiplication. 
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The plus and minus signs written before the stresses indicate, 
as usual, compression and tension, respectively. Thus, in 
Fig. 7, the coefficient +6,750 of esc H on cC is the shear 
in the panel bc\ the product 6,760 esc H gives 7,970, which 
is the numerical value of the stress in cC. The coeffi- 
cient +29,260 of cot ^ on be is the algebraic sum of the 
shears written on the members ab, Bh, and b C\ the prod- 
uct 29,260 cot H gives 18,280, which is the numerical value 
of the stress in be. 

19. Ijlve-Iioad Cliord Stresses. — As the chord stresses 
are greatest when the truss is fully loaded, it is necessary 
first to find the shears due to a full live load. They are 
as follows: 


Panbl 

Shear, in Poxinds 

ab 

30,000 

be 

18,000 

cd 

6,000 


These values are written on the upper side of the web 
members, as shown in Fig 8, and the coefficients of cot H 
for the chord stresses are found by adding the shears as 
explained in Art. 18. Then, the stresses m the chord mem- 
bers are obtained by performing the multiplications indicated, 
and the results written on the under sides of the members. 

20. lilve-Tjoad Web Stresses. — The shears that were 
found in Art. 19 are those due to full live load, the shear in 
any panel being the difference between the left reaction and 
the sum of all the panel loads between the left reaction 
and the panel under consideration. For example, the shear 
in panel cd due to full live load is 

12,000 (1 + 2 + 3 + 44-6) _ ( 12, 000 + 12,000) 

6 

or, 

12,000 (1 + 2 + 3) j p^.ooo (4 + 5) _ (12,000 + 12,000)] 
^p2,000 (1 + 2 +^j_p2,000 (1 + 2) 
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The expression contained m the left-hand brackets of the 
last member of this equation is the left reaction that would 
be caused by loads at c', and b\ if they were the only loads 
on the truss; it was explained in Art. 13 that this is the 
maximum positive live-load shear in panel cd Also, the 
expression contained in the right-hand bracket is the maxi- 
mum negative live-load shear in panel cd. From this the 
following principle is obtained: 

The shear in atiy pa'iul of a truss due to full live load is equal 
to the algebiaic sum of the maximum live-load positive shear 
and the maximum live-load negative shear that can occur in 
that panel. 

Let = shear in any panel due to full live load; 

= maximum positive live-load shear that can 
occur in that panel; 

= maximum negative live-load shear that can 
occur; 

then, Vff = F/' + F/', 

whence F/' = F" - F„"; 

that is, the maximum positive live-load shear in any panel 
may be found by subtracting algebraically the maximum nega- 
tive live-load shear that can occur m the panel from the shear 
due to full live load. This principle is of special value in 
finding live-load web stresses by the method of joints; the 
shear in each panel due to full load is found in connection 
with the chord stresses; the maximum negative shear in 
each panel is then found m order to get the minimum 
stresses in the members; then, the maximum positive shear 
in any panel may be found by subtracting algebraically the 
maximum negative shear from the shear in the panel due to 
full load. 

In panel ab there can be no negative shear. Then, in this 
panel the maximum live-load stresses occur when the truss 
IS fully loaded; esc H may be wntten after the shear that 
has been written a B and Bb (30,000 pounds). Fig. 8, 
and the stresses found by multiplying that shear by esc H 
(1.18). The results are written on the other side of the lines 
that represent aB and Bb. On the other web members, 
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directly under the values of the shear due to full load, are 
written, as coefficients of esc the maximum negative live- 
load shear and the maximum positive live-load shear, the 
latter being obtained by subtracting, algebraically, the nega- 
tive shear from the shear due to full load. The maxi- 
mum and minimum stresses are obtained by performing 
the multiplications indicated, and the results are written 
on the under side of the members. As stated in Art 18, 
the plus and minus signs written before the stresses represent 
compression and tension, respectively. Thus, in panel be, 
Fig. 8, the shear due to full load (-j- 18,000 pounds) is written 
on ^ C and Cc\ the maximum negative shear ( —2,000 pounds) 
IS written under -t- 18,000, and is the coefficient of esc H for 
the minimum live-load stresses in ^ C and Cc The algebraic 
difiEerence between the shear due to full load and the maximum 
negative shear, +18,000— ( — 2,000) = +20,000 pounds, is 
then written under —2,000 esc H, as the coefficient of csqH, 
for the maximum live-load stresses in and Cc These 
stresses are obtained by performing the multiplications, and 
their values are written on the under sides of the members. 
Thus, for the member b C, the maximum live-load stress is 
20,000 CSC Hy or +23,600 pounds; the minimum live-load 
stress is —2,000 esc ff, or —2,360 pounds. 

From the foregoing, the following general rule is obtained 

To hnd the maxi7nu7n and minimum livedoad stresses in the 
web members of a single-system Warren truss, when the shears 
due to full live load are known, write on each member the max- 
imum iiegative hve-load shear in the panel in which the member 
IS located, aiid multiply it by esc H for the minimum stress, 
subtract, algebraically, the maximum negative shear from that 
due to full load, and multiply the result for each member by 
CSC H for the maximum stresses. 

The combined stresses are found in the same way as in 
Art 14. 

Example —The truss represented in Fig 9 is a seven-panel through 
Warren truss, with dimensions as shown The dead load is 1,000 
pounds, and the live load, 2,000 pounds per linear foot of bndge 
Assuming that one-third of a dead panel load is apphed at each of the 
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joints of the upper chord, and two-thirds at the joints of the lower 
. ^ chord, find, by the method of joints, the max- 

^ ^ q imum and minimum stresses in all the members 


Solution — Each dead panel load is equal to 
1,000 X IB ^ gjjQ pounds 

of which 6,000 pounds is applied at the joints of 
the lower chord, and 2,600 pounds at the joints 
of the upper chord. It will be noticed that there 
are six joints in the lower chord and seven m 
the upper chord It is customary to assume that 
one-third of a panel load is applied at each of 
the joints of the upper chord. The dead-load 
reaction for one truss is equal to 


6,000 X 6 2,600 X7 

o o 


=5= 23,760 pounds 


Sq ^ Each live panel load is equal to 
S' 2,000 X IB ^ Jg pounds 

? atid the live-load reaction for one truss fully 
cj loaded is equal to 

“"C 16,000 x 6 ^ . 

2 = 46,000 pounds 

® As a portion of the dead load is applied at the 

upper-chord joints, which he midway between 
^ the joints of the lower chord, the dead-load shear 

in any panel of the lower chord is not constant. 

, For example, in the panel bc^ the dead-load 

^y^ shear from ^ to C is equal to 

28,7B0 - (6,000 + 2,BOO) = 16,260 pounds 
while from C to ^ it is 

^ ’ 23,760 - (6,000 + 2,600 + 2,600) , or 13,760 pounds 

The figure gives 

csc/7' = 6* ^ j cot/f = ^ = 6367 

14 14 

The dead-load stresses, found by the rule given in Art. 18, are 
indicated in Fig. 10 (a); the live-load stresses, found by the rule given 
in Art 20, are indicated in Fig. 10 (6) As the dead-load and live- 
load stresses are not required separately, the work will be shortened 
in the present case by combining the coefificients of esc H and cot AT, 
respectively, and indicating the maximum and minimum stresses, as 


represented in Fig 10 (c) There remains now simply the operation 
of multiplying these coefficients by esc AT and cot respectively, to 
get the maximum and the minimum combined stresses, as repre- 
sented in Fig. 10 {d). The student should verify the values of these 
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stresses The signs of the coefficients given m Figs 10 (a) and (d) are 
the signs of the shears, the minus and plus signs in Fig 10 [c) and {d] 
represent tension and compression, respectively 

THE DECK WARREN TRUSS 

21. When used in a deck bridge, the Warren truss may 
be supported either as shown in Fig 11 or as shown m 
Fig. 12 The live load is supported at the joints of the 
upper chord, the dead load may be assumed to be applied at 



the joints of the upper chord, or one-third of it at the joints 
of the lower chord In calculating the stresses, the same 
methods and rules are used as for the through truss 

In Fig, 11, each panel load is a full load. In Fig 12, the 
loads are supported between A and B, and between and A\ 



by the end stringers, one end of which rests on the abut- 
ments, and the other end connects with the floorbeam at B 
or B\ As the distances AB and B^A^ are each equal to a 
half panel, each of the joints B and B^ supports three-quarters 
of a panel load, and this value must be used at these joints 
in the calculation of reactions and stresses. 

EXAMFJLES FOR PRACTICE 

1 Suppose that the truss represented in Fig 9 has a span of 112 feet, 
and a height of 16 feet, if the dead load is equal to 800 pounds, all of 
which is applied at the joints of the loaded chord, and the live load is 
1,800 pounds per linear foot of bridge, find* (a) the maximum and 
minimum combined stresses in the members be, CD, and dd', using 
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the method of joints, (d) the maximum and minimum combined 
stresses m the members aB^b and d D, usin;? the method of sections. 


Stress, in Pounds 


Member 

Maximum 

Minimum 

[be 

- 83,200 

- 26,600 

Ans \ (^) ' 

H- 104,000 

+ 32,000 

1 Ud' 

- 124,800 

-38,400 

' [aB 

+ 69,800 

+ 21,500 

{b)\bC 

■f 48,900 

+ 12,000 

dD 

- 30,200 

- 260 


2 Let Fig 9 represent a seven-panel deck Warren truss having 
the same loads and dimensions as in example 1 and supported in a 
manner similar to that shown in Fig 12 What are the maximum and 
minimum stresses due to combined dead and live load (a) in the 
members bc^ C and dd\ using the method of sections? (d) m the 
members Bb^ bC, and /? d, using the method of joints? 


Member 

Stress, in 

Pounds 

Maximum 

Minimum 

1 

\bc 

- 85,800 

- 26,400 

Ans ^ («) • 

\CD 

+ 101,400 

+ 31,200 


\dd 

- 127,400 

- 39,200 


\Bb 

- 59,000 

- 17,000 

(i) ■ 

\bC 

+ 69,000 

+ 17,000 

[nd 

- 21,700 

+ 6,600 


THE WARREN TRUSS WITH SUBTERTICAUS 
22. Description. — The simple type of Warren truss 
can be used for span lengths up to about 126 feet. For 
longer spans, it is impossible to fulfil the economical con- 
ditions of height, panel length, and slope of diagonals If 
the proper height of truss is used and the diagonals are 
given an economical inclination, the panels will be too long, 
and It IS advisable to subdivide them This may be accom- 
plished in several ways, one of which is to use a Warren 
truss with vertical members attached to the joints of the 
unloaded chord, dividmg each panel of the loaded chord 
into two equal panels. The truss is then called the Warren 
truss wltli subverticals. The vertical members are ten- 
sion members in a through truss and compression members 
in a deck truss. All the other members correspond in every 
way to those in the through Warren truss in Fig. 1. The 
method of calculation is the same as for the single-system 
Warren truss. 

I L T 33-1—9 
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In Fiff. 13 {a) is represented a twelve-panel througfh Warren 
truss with subverticalSi having a span of 180 feet and a height 
of 24 feet. Each panel load will be denoted by W, and the 
reactions, as usual, by and 



23. Ch-ord Stresses. — The stresses in the upper-chord 
members may be found by dividing the bending moments 
at the opposite joints etc. by the height of the truss; 

the stresses in the lower-chord members may be found by 
means of the bending moments at C, etc. (see Art. 6). 
Thus, for the stresses \n B C and bi^ the truss may be con- 
sidered cut by a plane g. The portion to the left of section g 
is shown in Fig. 13 (^), Si^ Ss^ and Sb representing the 
stresses in the members B C,bQ and b z, respectively. The 
stress in ^ C is compression, and so S^ will act honzontally 
to the left; the stress in ^z is tension, and so Sb will act 
horizontally to the right. For the stress in B C, the center 
of moments is taken at b. Then, 

IM = X 30 - WX 15 - 5‘a X 24 = 0; 

whence 

^ X 30 — H^X 16 _ bending moment at b 

' 24 “ 24 

For the stress in ^z, the center of moments is taken at C. 
Then, 

SM = ie. X 46 - Wx 30 - Wx 16 - 5. X 24 = 0. 
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whence 

Q. _ -^1 X 45 — X 30 — X 15 _ bending: moment at C 
24 24 

For the stress in the joint t is treated as a free body, 
as shown in Fig. 13 (c). The only horizontal forces are S 4 . 
and St; therefore, they are equal and opposite, and the 
stress in is equal to the stress in ^z. In like manner, 
the stress m aA is equal to the stress in ^ 6 ; the stress 
in cj IS equal to the stress in y dy etc. Other chord stresses 
may be determined m the same way as those here explained. 

24. Web Stresses. — The stress m each vertical is 
tension and equal to the load applied at the foot of the ver- 
tical. This is evident when the equation 2* y = 0 is applied 
to the forces acting on such a joint as z, Fig. 13 (i*). The 
only vertical forces bemg 5*. and the panel load Wy they must 
be equal and opposite. Therefore, the stress in each vertical 
is equal to a panel load The other web stresses may be 
found by the method of shears already explained (Art. 10). 

26. Deck Bridge. — If the through truss in Fig 13 is 
inverted and used as a deck truss, as shown m Fig. 14, the 
maximum stresses in members having the same letters in 


a h h i 0 3 d f c i' d t£ d 



Pig 14 

the two figures will be numerically equal, but of opposite 
characters. If the truss is supported as shown in Fig. 16, the 
stresses in all the members but the verticals will be of the 



Fio Ifi 


same characters and have the same numerical values as 
those in the corresponding members in the through truss in 
Fig. 13. The verticals will be in compression. 
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EXAMPIiES FOR PRACTICE 


1 Suppose that, in the bndge shown m Fig 13, the dead load iff 
1,000 pounds, and the live load, 2,200 pounds, per linear foot 
Assume that all the dead load is applied at the joints of the loaded 
chord What are the maximum and minimum stresses, due to the 
combined dead and live load, m all the members? 


Ans ^ 


Mbmbbr Stress, in Pounds 

Maximum Minimum 


aB, a! 

B C B> a 

CD, a ly 

ah, hb, bf 

Ot, tc, d 

cjyjd, df,fd 
Bh, Ct, Dj, Dff, 
Bb,Bd, 
b C, d O 
Cc, ad 
cD, da 
Dd, ad 


+ 166,700 
+ 160,000 
+ 240,000 
+ 270,000 
- 82,600 
- 202,600 

- 262,500 
ad,B^h!~^ 24,000 

- 129,000 
+ 104,000 

- 80,500 
+ 68,700 

- 88,600 


+ 48,600 
+ 46,900 
+ 76,000 
+ 84,400 

- 25,800 

- 03,300 

- 82,000 

- 7,500 

- 38,200 
+ 26,000 

- 12,400 

- 2,900 
+ 19,900 


2. Let Fig 16 be a ten-panel deck bridge having a span length of 
160 feet and a height of 20 feet If the dead load is 900 pounds, and 
the live load, 2,000 pounds, pei linear foot, and it is assumed that all 



the dead load is applied at the joints of the loaded chord, find- (o) the 
maximum and minimum stresses in the members ab, Bb, Gb, and iC 
due to combined dead and live load, (6) the maRimum and minimum 
stresses in the members be, HD, cD, and cd due to combined dead 
and live load 


Mbmbbr 


Ans ’ 


(a) 


(i) 


a b 

Bb 

Gb 

bC 

be 

HD 

cD 

cd 


Stress, in Pounds 
Maximum Minimum 

- 73,400 - 22,800 

- 97,000 - 27,700 

+ 21,800 + 6,800 

+ 73.600 + 16,500 

- 171,300 - 53,200 

+ 196,800 + 60,800 

+ 32,300 -14,600 

- 203,900 - 63,300 
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THE DOUBIiE-INTERSECTION WARREN TRUSS 
26. Description. — Fig. 17 (a) shows another type of 
Warren truss with subdivided panels, which was extensively 
used in the past and is used to some extent at the present 
time. The simple Warren truss is shown in full lines, the 
panels being subdivided by the addition of the web members 
shown in dotted lines parallel to the full-line members and 



(C) 

Pig 17 


half way between them The two sets of web members are 
called the two systems of web. Such a truss is called a double 
system, or double Intersection, Warren truss, and some- 
times simply a double Warren truss. The joints of one 
system are in each case vertically opposite the joints of the 
other. As the end diagonals of the dotted system slope 
upwards, it is necessary to provide a vertical member, called 
the vertical end post, and produce the top chord at each end. 
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27. Methods of Calcalatlon. — If the truss shown in 
Fig. 17 (a) is considered cut by a plane that intersects two 
chord members, that plane will cut also two web members, 
and there will be four unknown stresses. As there are only 
three equations of equilibrium, they are not sufficient for the 
determination of the four unknown stresses unless some 
assumption is made regarding the distribution of stress 
among the several members cut by the plane. It is cus- 
tomary to assume that the two systems of web members act 
independently, or, in other words, that they are the web 
members of two independent trusses lying in the same plane, 
the top and bottom chords being common to both trusses. 
The stresses in the web members of each system may be 
found from the loads that come on the system; and the 
chord stresses may be found by properly combining the 
chord stresses of the two systems. This will be made 
clearer by studying Figs. 17 {d) and {c). The system shown 
as a truss in Fig. 17 {b) is assumed to support the loads 
at and The web stresses due to 

these loads are the actual web stresses in the corresponding 
members of the truss shown in Fig. 17 («); and the chord 
stresses are partial or component chord stresses. The sys- 
tem shown as a truss in Fig. 17 (c) is assumed to support 
the loads at b, /, d! y U y A, C, By Oy and The web 
stresses due to these loads are the actual web stresses; the 
chord stresses are component chord stresses. The actual 
chord stresses may be found by adding the stresses found in 
the two systems. 

The double-intersection Warren truss may be used in a 
deck or in a through bridge. The stresses are calculated in 
the same way for the two kinds. As the analytic method 
of calculation is shorter than the graphic, the latter will 
not be considered. The method of calculation can best 
be illustrated by an example. For this purpose, the dead- 
load stresses in the truss shown in Fig 17 (a) will be 
determined. The trus<5 has ten panels, the span length is 
160 feet, and the height 20 feet. The dead load will be taken 
as 1,000 pounds per linear foot of bridge, one-third of which 
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is supposed to be applied at the unloaded chord. The 
method of joints is best adapted to this case. 

28. Panel Doads and Reactions. — The truss may be 
divided into the two systems shown in Fig. 17 (d) and (c). 
B'or convenience of reference, the system shown m full lines 
in Fig. 17 (3) may be called the primary system^ and that 
shown in dotted lines in Fig. 17 (^r), the secondary system. 
The dead panel load is equal to 

1,000 X 16 ^ 7 5QQ 

of which 2,500 is supported at each of the top joints, and 
6,000 at each of the bottom joints. The primary system 
supports four loads of 6,000 and five loads of 2,600 pounds. 
Therefore, the reaction for the primary system is 

4 X 6,000 + 5 X 2,600 ^ i6,250 pounds 
2 

The secondary system supports five loads of 6,000 and 
four loads of 2,600 pounds. Therefore, the reaction for the 
secondary system is 

6 X 6,000 + 4 X 2,500 ^ gQQ 

li 

In addition to this, there is a half-panel load of 1,250 pounds 
at each of the end joints of the top chord. Then, the total 
reaction for the secondary system is equal to 18,750 pounds. 
The loads and reactions for the primary systems are shown 
in Fig. 17 (3); those for the secondary system, in Fig. 17 (r). 
As in previous cases, 

cot -H- = cot 5^6 = 11 = .76; esc H = 

29. Web Stresses. — The stress in the vertical end post 
is equal to the reaction of the secondary system. The ver- 
tical components of the web stresses in each system may be 
written directly by finding the shears, and the stresses found 
from them by multiplying by esc H. It should be borne in 
mind that each system is treated as an independent truss 
loaded as shown in Figs. 17 {b) and (c)\ also, that, in deter- 
mining the shear on any section, both the lower- and the upper- 
chord loads should be taken into account. Thus, the shear 
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on a plane cutting’ DF^De^ and Fig 17 (^), is 16,260 
- (2,600 + 5,000 + 2,500), or the algebraic sum of the 
external forces acting at a, B, c, and D 

The web stresses, whose values should be verified by the 
student, are: 


Member 

Stress, in Pounds 

a A 

+ 18,760 

aB 

16,250 X 1.26 = + 20,300 

Ab 

17,500 X 1.26 = - 21,900 

bC 

12,600 X 1.25 = + 16,600 

Be 

13,760 X 1.26 = - 17,200 

cD 

8,760 X 1.26 = + 10,900 

Cd 

10,000 X 1.26 12,500 

dE 

6,000 X 1.26 = + 6,260 

De 

6,260 X 1.26 = - 7,800 

eF 

1,250 X 1.25 = + 1,600 

Ei 

2,600 X 1.26 = - 3,100 


30. ClLOPd Stresses. — As explained in Art. 17, the 
stress in any chord member of a single-system Warren truss 
IS equal to the algebraic sum of the horizontal components of 
the stresses in all the web members that connect with the 
chord on the left (or right) of the member in question. 
For example, the stress in D Fig. 17 (^), is equal to the 
sum of the horizontal components in aB^ Bcy cD^ and De; 
the stress in Fig. 17 (^), is equal to the sum of the 

horizontal components in A by bCy Cdy dEy and Ef, The 
stress in EFy Fig. 17 {a)y equals the sum of the stresses in 
DFy Fig. 17 {b)y and EBy Fig. 17 {c). Therefore, the stress 
in EF equals the sum of the horizontal components 
in A by aBy Bcy bCy Cdy cDy D €y dEy and Ei. In general, 
The stress in any chord member of a double Warren truss is 
equal to the algebraic S7im of the horizontal components of the 
stresses in all the web members that connect with the chord on the 
left {or right) of the member considered. 

Keeping in mind that the horizontal component of the stress 
in any web member is equal to the vertical component multi- 
plied by cot Hy the chord stresses may be written as follows; 
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Member Stress, in Pounds 

A B 17,600 X 76 =+ 18 100 


BC (17,600 + 16,250 + 13,760) X 76 = + 36,600 

CD (17,600 H- 16,260 + 13,760 -h 12,500 + 10,000) X 76 = + 62,600 
DE . . (17,600 + 16,260 + 13,760 -f- 12,500 + 10,000 -h 6,760 

+ 6,250) X 75 = + 63,760 

EF (17,600 + 16,260 + 13,760 + 12,600 + 10,000 -f 8,760 

+ 6,260 + 6,000 + 2,600) X .76 = + 69,400 

FEf . (17,600 + 16,260 + 13,760 + 12,600 + 10,000 -h 8,760 

+ 6,260 + 6,000 + 2,600 + 1,250 - 1,250) X .76 = + 69,400 


ab , . 16,260 X 76 = - 12,200 

be .... (16,260 + 17,600 + 12,600) X .76 = - 34,700 

cd (46,260 + 13,760 + 8,760) X .76 = - 61,600 

de , . (68,760 + 10,000 + 6,000) X .76 = - 62,800 

(83,760 + 6.260 + 1,260) X .76 = - 68,400 

fd (91,260 -i- 2,600 - 2,600) X .76 = - 68,400 


31. Ijlve-Lioad Stresses. — The live-load stresses may 
be found in precisely the same way as the dead-load stresses, 
by separating the truss into two systems. For the maximum 
chord stresses, each system should be fully loaded, and the 
stresses in the members added together to get the combined 
or actual stresses. For the maximum web stresse®., the por- 
tion of each system that will give the maximum shear (posi- 
tive or negative) in the various panels must be loaded; the 
stresses found from the shears will be the actual maximum 
and minimum live-load stresses in the web members. 


EXAMPLE FOR PRACTICE 


If the live load on the bndge described in Art 26 and illustrated m 
Fig 17 IS 2,200 pounds per linear foot, determine* {a) the maximum 
and minimum combined stresses In the members E Fj E fj e F^ and^/, 
using the dead-load stresses found in the preceding pages, (d) the 
maximum and minimum combined stresses m the members B C, B 


b C, and b c. 


Stress, in Pounds 


Member 

Maximum 

t u n 

Minimum 


\BF 

H- 224,100 

+ 69,400 

(«)■ 


- 21,700 

+ 6,100 


-t- 13,900 

- 10,800 


[ef 

- 216,900 

- 68,400 


[BC 

+ 116,000 

+ 36,600 

(6)1 

\Bc 

- 68,400 

- 17,200 

\bC 

+ 48,600 

+ 13,600 


{be 

x09,000 

-84,700 
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THE DOUBLE WARREN TRUSS WITH 
SUBYERTICAIjS 

32. Description.— Fig. 18 (a) shows the double Warren 
truss with subverticals that subdivide each panel of the 
loaded chord into two equal panels. In this truss, the loads 
at the intermediate joints 3, d, /, etc. act on both systems at 
the intersections B, etc. of the web members, and on 

this account it is impossible to separate the truss into two 



Pio. 18 




independent systems. However, an assumption is usually 
made that is probably very close to the actual distribution of 
stresses. As m the case of the truss described in the pre- 
ceding articles, one of the two systems formed by the inclined 
members is called the primary; the other, the secondary. 

33. Method ol Calculation. — The stress in each sub- 
vertical is evidently tension, and equal to the panel load at 
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its lower joint. In finding the stresses in the other members, 
It IS customary to assume that each system carries one-half 
of the load transmitted by the subverticals to the joints 

D^Fy etc. Thus, in Figs. 18 (5) and (c)y which shows the 
primary and secondary systems, together with the sub- 
verticals, each of the joints by rf, /, etc. is supposed to carry 
one-half of a panel load to each system. The stresses are 
found in almost the same manner as in the double Warren 
truss without subverticals, except that, in treating each sys- 
tem as an independent truss, external forces, representing 
the action of the other system on the system under con- 
sideration, must be introduced at the joints Dy Fy etc., as 
will be explained presently. 

34. Web Stresses. — If the general 'equation of equi- 
librium 2' y = 2" 5 sin //■ = 0 is applied to all the external 
forces acting on one side of a plane of section that cuts a 
web member and two chord members of either system, such 
as section Fig. 18 (3), it will be seen that the vertical 
component of the stress in the web member is equal to the 
shear on the section, and the stress is equal to the shear 
multiplied by esc H. For the maximum or minimum stress 
in any member, the system in which the member occurs 
should be loaded on the nght or left of the member, m the 
same way as in a single-system Warren truss. 

Consider the sections g and py Fig. 18 (^). Denoting the 
load at each lower-chord joint by Wy the vertical component of 

the stress in CD is RJ — ~y and that in is ^ 

then, the horizontal component of the stress in CZ? is equal 

to^J?/ — -^^cot Zf, and in De, to — -^^cot H. 

Writing the expression for the sum of the horizontal forces 
at joint D of the primary system, shown in Fig. 18 (rf) , we 
have 

SX = S, cos JI — Si cos H 
= - f)cot «■- (jf.' - f - f)cot /r - f cot 

from which it will be seen that there is an unbalanced force, 
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equal to — cot H, acting horizontally to the left, which must 
be held in equilibrium by the force 5,, equal to cot Hy 

a 

acting horizontally to the right. It may be shown that at 
the joint D of the secondary system there is also an unbal- 
anced force equal to cot Hy acting horizontally to the left, 

£i 

which holds in equilibrium the unbalanced force at joint D of 
the primary system. This force, which may be called S^y is 
exerted at each joint {ByDyFy etc.) of each system by the 
other system, and may be considered as an external force m 
writing equations. 

35. Ctiord Stresses. — The maximum chord stresses 
obtain when there is a full live load, the minimum, when 
there is no live load on the truss. The stress in any member 
may be found by properly combining the partial stresses in 
the two systems. When all the stresses are desired, the 
method of joints is the shorter; when only one or two 
stresses are desired, the method of moments is shorter. 

For example, the stress in EGy Fig. 18 {a)y is equal to 
the stress in CG, Fig 18 (b)y plus the stress in Ely Fig. 18 (c). 
By the method of joints, the stress in CGy Fig 18 {b)y is 
equal to the sum of the horizontal components of the 
stresses m B C and CD; the stress m Elis equal to the 
sum of the horizontal components of the stresses in A By DE. 
and EF. 

If it is desired to calculate the stress in any chord member 
by the method of moments, it is necessary to take into 
account the moments of the horizontal forces ^3 As these 
forces are alternately opposite in direction, it is convenient 
to pass the planes of section through the truss in such a way 
that there will be an even number of intermediate joints on 
the portion of the truss considered. Then, the moment of 
the forces on one side of the section about the center of 
moments will be zero (since there will be an even number 
whose resultant is zero), and they need not be considered in 
the equation of moments. In the present case, the planes 
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may be passed between a and b, d and /, h and etc. Thus, 
for the stress m ab^ the truss may be cut by a vertical plane 
m panel a by or in panel dey and the center of moments taken 
at B or C With the center of moments at By the stress in a ^ is 

^ jR,x2p 

h h 

2 


and, with the center of moments at C and section 
stress a b is, as before, 


h 


Ji^X2p 

h 


py the 


In this case, the load at Z?, being on the right of the 
center of moments, has a positive, or right-handed, moment, 
and similar cases must be carefully treated in order to get 
the signs correct. The stress in any chord member may be 
found in a manner similar to that just given. 


EXAMPLE FOR PRACTICE 

If the sixteen-panel through double Warren truss shown in 
Pig. 18 (a) has a span length of 192 feet and a height of SO feet, 
and the dead load is 1,200 pounds per linear foot of bridge, all applied 
at the joints of the loaded chord, what are the dead-load stresses in 
the members C Eye fy Gly Efy C DySFy and H 


Member 

Stress, 
IN Pounds 

CE 

-f 67,600 

ef 

- 77,800 

GI 

-f 92,200 

Ff 

- 7.200 

CD 

- 27,600 

eF 

-f 13,800 

. HI 

0 


THE MULTIPLB-STSTEM WARREN OR EATTICB 

TRUSS 

36. Description. — ^When it is desirable to build a very 
deep truss of the Warren type, an economical inclination of 
diagonal and panel length may be used by adding two or 
three additional systems of web members to the simple type 
of truss, and subdividing the main panels into three or four 
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equal panels. When there are four systems, as shown in 
Fig. 19 (a), the truss is called a quadruple-system, or 
quadruple-intersection, Warren truss. All trusses of 
this type are included under the general heading of “mul- 
tiple-system” or “lattice trusses,” and are usually built as 
riveted trusses. The web members of the different systems 
are riveted together at their intersections. Fig. 19 {a) rep- 
resents a quadruple-intersection Warren truss with the four 
systems shown in single and double full and dotted lines. 
For convenience of reference, the system shown in single 
full lines in Fig. 19 (^) will be called the primary system; that 
shown in double full lines, Fig. 19 (^:), the secondary system; 
that shown in single dotted lines, Fig. 19 (^), the tertiary 
system; and that shown m double dotted lines, Fig. 19 (^), 
the quaternary system^ 

37. Analysis of Stresses. — It is customary to assume 
that the only stresses m each system are those caused by 
the loads directly applied to it. Although this assumption 
is not strictly correct, it is probably as close as any assump- 
tion that can be made concerning the distribution of the 
stresses. The effect of connecting the web members to 
each other at every intersection is ignored in the calculation 
of stresses. 

The stresses may be found in the same general way as 
the stresses in the double Warren truss, by dividing the 
truss into separate systems and calculating the stresses in 
the members of each system due to the loads that come on 
it. The stresses in those members (such as web members) 
that occur in only one system are the actual stresses; in 
those that occur in more than one system, they are com- 
ponent stresses, and the actual stresses are found by properly 
combining the component stresses in the different systems 
m which the members occur. The analytic method is best 
adapted to the determination of the stresses. 

38. Stresses in Primary System. — Fig. 19 {b) shows 
the primary system, which is a single-intersection four-panel 
symmetrical Warren truss supported at the points a and 
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The m py iTT.nm and minimum stresses are found in the ordi- 
nary way; the stresses in the web members are the actual 
stresses in these members. The stresses in the chord mem- 
bers are component stresses. 

39. Stresses in Secondary System. — Fig, 19 (c) 

shows the secondary system, which is a singfle-system sym- 
metrical Warren truss supported at the points A and by 
the verticals a A and The maximum and minimum 

stresses are found in the ordinary way; the stresses in the 
members a A and A\ and the stresses in the chord mem- 
bers are component stresses, as these members occur in 
more than one system; the stresses in the inclined web mem- 
bers are the actual stresses 

40. Stresses in Tertiary System. — Fig. 19 (d) shows 
the tertiary system, which is an unsymmetrical single-sys- 
tem Warren truss in which the end diagonals slope differ- 
ently from the others. The truss is supported at the point A 
by the vertical a A, and at the point a' by the abutment. 
The maximum and minimum stresses are found in the same 
way as for the single-system Warren truss. The stress 
in a A is equal to the left reaction. The stress in any chord 
member is equal to the bending moment due to the loads on 
the system, at the joint opposite the member, divided by the 
height of the truss. The stress in any web member is equal 
to the shear in the panel in which the member is located, 
multiplied by the cosecant of the angle that the member 
makes with the horizontal. As this system is unsymmetrical, 
It is necessary to find the dead-load stress and the maximum 
and minimum live-load stresses in every member, instead of 
finding them for only those members that are situated on 
one side of the center, as heretofore. 

The maximum live-load chord stresses will occur when 
the truss is fully loaded; the maximum live-load stress in 
any web member due to positive shear, when all joints to 
the right of the member are loaded; the maximum live-load 
web stresses due to negative shear, when all joints to the 
left of the member are loaded. 
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41. Stresses in Quaternary System. — Fig. 19 {fi) 
shows the quaternary system, which is the same as the 
tertiary system turned end for end. The remarks made in 
connection with the tertiary system apply here. The maxi- 
mum and minimum stresses in any member of the quater- 
nary system are equal to the stresses in the corresponding 
member at the other end of the tertiary system. Thus, the 
stress in b' is equal to the stress in Db. 

42. Stresses in End Members. — In calculating the 
actual stress in the end diagonals, such a B, A by etc., it 
should be remembered that the angled, Fig. 19 {d) and {e)y 
for these members is different from the angle for the 
remaining diagonals, and that, therefore, the cosecant smd 
cotangent will have different values for the two angles. If 
the stresses are found by the method of joints, it should be 

noted that cot Hi = , and that, then, 

hor. comp, in aB = vert. comp, in aB X — 

A 

^ vert. comp, in 
2 

This gives the value of the horizontal component in the 
end diagonal to be used in finding chord stresses by the 
method of joints, as explained in Art. 18. 

43. Actual Stresses. — The stresses found for the 
diagonals in the different systems are the actual stresses in 
the diagonals. The member a A occurs in two systems, 
and the actual stress m it is equal to the sum of the stresses 
in a Ay as found in the two systems. The chord member 
AB occurs in two systems; B C, in three; CD, in four; etc. 

44. Determination of Stresses by Method of Sec- 
tions. — To illustrate the calculation of the stresses by the 
method of sections, let Fig. 19 (a) be a sixteen-panel through 
bridge having a span length of 200 feet and a height of 
30 feet, let the dead load be 1,200 pounds per Imear foot, 
one-third of which is assumed to be applied at the joints of 
the unloaded chord. Let it be required to calculate the 

TLT 134—10 
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dead-load stresses in all the members cut by a plane at the 
secition pp. This plane is extended so that it will cut all 
the separate systems represented m Fig 19 {b), (r), {d)y 
and (tf), and to each system the general method of sections 
IS applied independently. When there is a large number 
of joints, as in this ease, it is convenient to number them 
from each end of the truss, as shown m the lower part of 
Fig. 19 [a). 

The dead panel load is equal to 

1,200 X 12 5 ^ gQQ pounds 


of which there is 6,000 at each of the joints etc., and 

2,600 at each of the joints By C, Dy etc The half top-panel 
loads at A and A' will only affect the stresses in a Ay and 
A'] they need not be considered in this example. The 
figure gives 


CSC H = 


^30“ + 26“ ^ 39 06 
30 30 


1.30 


In the primary system, Fig. 19 (<^), the left reaction is 
5.000 (4 + 8 + 12) + 2,500 (2 + 6 + 10 + 14) ^ pounds, 

16 


and the stresses in the various members are as follows 
Mbmber Stress, in Pounds 

Ce (12,600 - 2,500) X 1.30 = - 13,000 
CC 12,600 X 60 - 2.600 X 25 _ 

30 


ae 


- 10,400 


In the secondary system. Fig. 19 (t), the left reaction is 
6,000 (2 + « + 10 + 14) + 2,600(4 + S + 12) _ , 3,750 
16 

and the stresses in the various members are as follows: 
Member Stress, in Pounds 

cE (13,750 - 6,000) X 1 30 = + 11,400 

ae ^ =+ 11,600 

oO 

13,760 X 60 - 6,000 X 25 
30 




18,800 



STRESSES IN BRIDGE TRUSSES 


46 


In the tertiary system, Figf. 19 {d), the left reaction is 
6,000 (3 + 7 + 11 + 16) + 2,600 (1 + 6 f 9 + 13) 

16 

= 15,625 pounds, 

and the stresses in the various members are: 

Member Stress, in Pounds 

bD (16,625 - 6,000) X 1 30 = + 13,800 

AD ^^•®25 X12.5 ^ g gQQ 

o(J 

16,626 X 37.6 - 6,000 X 26 _ _ 15 400 

In the quaternary system, Fig. 19 (e), the left reaction is 
6,000 (1 + 6 + 9 + 13) + 2,600 (3 + 7 + 11 + 16) 

16 

= 14,376 pounds, 

and the stresses are: 

Member Stress, in Pounds 

Bd (14,376 - 2,600) X 1 30 = - 16,400 
^ p 14,376 X 37.6 — 2,600 X 25 _ jg 0 qq 


ad 


14,376 X 12.6 ^ _ g QQQ 
30 


The actual stresses in the various members are as follows: 

Stress, in Pounds 
+ 13,800 
+ 11,400 

- 13,000 

- 16,400 

CD sum of stresses in AD, AE, BE, CG, 

= 6,600 + 11,600 + 16,900 + 18,800 = + 62,700 
cd sum of stresses in ad, ae, bf, eg, 

= - 6,000 - 10,400 - 16,4U0 - 18,800 = - 60,600 


Member 


bD 


cE 


Ce 


Bd 


CD 

sum 

cd 

sum 


= — 
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EXAMPUSS EOR PRACTICE 


1. Uslnc^ the same dead loads and dimensions as in Fig. 19, and a 
live load of 2,000 pounds per linear foot, determine the maximum and 
minimum stresses due to combined live and dead load in all the 


members cut by a plane at the section q 

Msmbbr 


Ans. 


HI 

Hhf 

G t 

H’h 

hi 


Stress, in Pounds 
Maximum Minimum 
-f 268,800 + 99,600 

- 11,000 + 6,300 

+ 9,750 - 6,500 

- 15,400 + 800 

- 11,000 -f 6,300 

- 256,300 - 97,400 


2. With the same data as in example 1, dnd the maximum stress 
in a A due to combined live and dead load. Assume that the half-dead 
panel load at A is included in the secondary system 

Ans. +83,760 lb 

3. With the same data as in example 1, find, by the method of joints, 

the dead-load stress in the member Ans. + 90,100 lb 


THE PRATT TRUSS 

46. Description. — The Pratt truss, Fig 20 (a), is a 
simple type of truss in which the web members are alter- 
nately vertical and inclined; there is a vertical web member 
at each panel point and an inclined member in each panel, 
connecting the top of one vertical with the bottom of the 
next. The Pratt truss is used in deck, through, and half- 
through bridges; is built pin-connected more frequently than 
riveted; and is especially adapted to span lengths of 100 to 
260 feet. For the longer spans, multiple systems of web 
or subdivided panels are sometimes built, although such 
forms are going out of use. 

46. Dlagronals. — In all except the end panels, fhe 
diagonals are designed to resist tension only. It was shown in 
the analysis of the Warren truss that positive shear causes 
tension in diagonals that slope upwards to the left, and 
negative shear tension in diagonals that slope upwards to the 
right. Therefore, in order to have the diagonals in tension, 
they must slope upwards to the left in the panels where the 
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shear is positive, and upwards to the rigfht in the panels 
where the shear is negative. In the panels near the center, 
in which the maximum combmed shear is opposite to the 
minimum shear, two diagonals will be required, one sloping 
in each direction. In a panel where there are two diagonals, 
one of them, the main diagonal, will be in tension when the 
combined shear is a maximum; the other, called a counter, 
will be in tension when the combined shear is a minimum. 
When any loading causes tension in one of these diagonals, 



Fig. 20 

that diagonal is said to be in action, and the stress in the 
other is assumed to be zero; the latter diagonal is said to be 
out of action and need not be considered as part of the truss 
for that loading. For example, when there is a full load on 
the truss shown in Pig. 20 (a), the shear in panel de is 
positive; there is tension in the main diagonal De^ and the 
counter dE\^ out of action; the shear in panel ^ a?' is nega- 
tive, there is tension in the main diagonal ^Z?', and the 
counter Ed* is out of action. The members of the truss 
that are in action for full load are shown in Fig. 20 (^); as 
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the cotmters are out of action, they are omitted from the 
diagram, 

47- Metliod of Calculation. — The stresses in the mem- 
bers of the simple Pratt truss can be found analytically or 
graphically. The work of calculation by either of the analytic 
methods is so simple that the graphic method will not be 
employed. The work of calculation can be best illustrated 
by the consideration of special cases. 

THE THROUGH PRATT TRUSS WITH AN EVEN NUMBER 

OF PANELS 

48. Description. — In Fig 20 {a) is represented a 
through Pratt truss that has an even number of panels, 
the vertical member Be being the center vertical. The span 
is 128 feet, and the height 20 feet. The end posts aB 
and a' are compression members; the verticals Bb and-ff'^' 
are tension members, and are called the hip verticals or 
end suspenders; all other verticals are compression mem- 
bers. The members dE and Ed' are the counters. 

It will be assumed that the dead load is 800 pounds, all of 
which is applied at the joints of the loaded chord, and that 
the live load is 2,000 pounds per linear foot of bridge. 

49. Panel Loads and Beactions. — The dead panel 
load is 

X 16 = 6,400 pounds, 

2 

and each dead-load reaction is 

6,400 X 7 ^ 22,400 pounds 

A 

The live panel load is 

— X 16 = 18,000 pounds, 

2 

and each live-load reaction for full load is 

16,000 X 7 ^ gg QQQ pounds 
A 

60. Cliord Stresses. — To calculate the stress in any 
chord member, the truss may be considered cut by a surface 
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that intersects three members, one of which is the member 
whose stress is desired The stress in the member is then 
equal to the bending; moment on the truss at the intersection 
of the two other members, divided by the height of the truss. 
For example, for the member B C, Fig. 20 («), the truss may 
be cut by the plane />, or by the plane in either case, the 
center of moments is at and the stress in ^ C is equal to 
the bending moment at c divided by the height. 

For the member c d, the truss may be cut by either p or q\ 
in either case, the center of moments is at C. As C is ver- 
tically over c, the bending moments at these two points are 
the same; therefore, the stress in ^ C is numerically equal to 
the stress \ncd This may also be proved by applying the 
equation IX— IS cos H = Oto all the forces to the left of 
section />': as the only horizontal forces are the stresses in ^ C 
and cdy they must be equal and opposite In like manner, it 
may be shown that the stress in CD is equal to the stress in de. 

In calculating the moments at the various points, the work 
may be simplified by taking the panel length as the unit of 
length, that is, by expressing the lever arms in panel lengths, 
and multiplying the result by the panel length in feet. Thus, 
the moment of jR, about d may be written Ri X 3, the dis- 
tance from the line of action of Ri to d being 3 panels. 
Likewise, the moments of the loads at b and c, with respect 
to di are, respectively, JVX 2 and IV X 1- The resultant 
moment, referred to the panel length as the unit of length, is 
RrX3-JVx2^PVXl 

The moment (in foot-pounds or foot-tons, as the case may 
be) IS obtained by multiplying this result by the panel 
length, 16; thus, 

moment nt = (J^^XS-1VX2- IVX 1) X 16 

The dead-load chord stresses are as follows: 

Stress in a6, be (center of moments at B)^ 

£22,400 X 1) X 16 _ __ 17,900 pounds 

20 

Stress in erf (center of moments at O, 

(22,400 X 2 - 6,400 X D X £6 _ _ 30,700 pounds 

20 
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Stress in de (center of moments at D), 

[22,400 X 3 - 6,400 (2 + D] ^ _ gg 
20 

Stress in ^ C (stress mcd), + 30,700 pounds. 

Stress in CZ? (stress m de), + 38,400 pounds. 

Stress in (center of moments at e), 

[22,400 X 4 - 6,400 (3 + 2 + 1)] X 16 ^ _l_ 41 qoO pounds 
20 

The dead-load chord stresses are shown in Fig. 21. 

J? D^fSOTOQ C D^i-de^OO D D^i-^IOOO B 
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The live-load chord stresses may be found as above; but, 
as the dead load is all applied at the joints of the loaded 
chord, they are more conveniently determined by multiply- 
ing the dead-load stresses by the ratio of live to dead load, 
2 000 5 

which is ’ • or The results are as follows: 

800 -2 

Member Stress, in Pounds 

a 6, be 17,900 X | - 44,800 

2 

cd 80,700 X I = - 76,800 

de 38,400 X I = - 96,000 

B C 80,700 X f =* + 76,800 

CD 38,400 X I = + 96,000 

DE 41,000 X I =+ 102,600 

A 

The live-load chord stresses are shown in Fig. 21, and 
the combined chord stresses are shown in Fig. 22. The 
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maximtim stresses are obtained by adding the dead* and live- 
load stresses; the minimum stresses are the dead-load stresses. 



Fiq 22 

61. Dead-Load Shears. — As the chords are horizontal, 
the vertical component of the stress in any web member is 
equal to the shear on the plane of section that cuts such mem- 
ber and two chord members. Thus, the vertical component 
in Cd^ Fig. 20 (a), is equal to the shear on section q. Smce 
in this case there is no load at C the shear on p is equal to 
the shear on and it follows that the stress in is equal to 
the vertical component of the stress in Cd. Likewise, the 
stress m Dd\^ equal to the vertical component De. 

The dead-load shears are as follows: 

Paitbl Shbar, in Pounds 

ah “i“ 22,400 

be "h 16,000 

cd -h 9,600 

dc -f" 3,200 

ed^ - 3.200 

and likewise for the remaining panels, 

52. Live-Load Shears. — The approximate maximum 
positive live-load shear in any panel occurs when the truss is 
loaded on the right of the panel (see Stresses in Bridge 
Trusses^ Part 1). The approximate values of the maximum 
positive live-load shears are as follows: 

Panel a b (loads at b^ c, d^ e, d\ and V ) , 

16,000 (1 + 2 + 3^-f 4 -1-5 -I- 6 -I- 7) _ 55 qqq pounds 
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Panel be (loads at c, d, e, d', d, and d), 

16,000 (1 ^ + 3 + 4 + 5 + 6) ^ 42,000 pounds 
8 

Panel c d (loads at e, d\ d, and i')i 

+ 2 + 8 + ^ + «- 80,000 pounds 

8 

Panel de (loads at d\ and 

16,000 (1 + 2 + 3 + £ ^ 20,000 pounds 
8 

Panel ed^ (loads at d\d^ and 

16,000 (1 + 2 + 3) ^ j2,000 pounds 
8 

Panel d^ d (loads at d and 

16,000 (1 4- 2) ^ g_QQQ pounds 

Panel cf b’ (load at V), 

16,000 X 1 ^ 2,000 pounds 
8 

In V a\ there can be no positive shear. 

The maximum negative shear m any panel is numerically 
the same as the maximum positive shear in the corresponding 
panel at the other end of the truss. 

53. Combined Slieai's. — By combining dead-load with 
positive and negative live-load shears for the left half of the 
truss, the following results aie obtained: 


§ 

Dead-Load 

Shear 

Positive 

Live-Load 

Shear 


Pounds 

Pounds 

a b 

+ 22,400 

+ 56,000 

be 

+ 16,000 

■f 42,000 

cd 

+ 9,600 

+ 30,000 

de 

+ 3>200 

-b 20,000 


Negative 

Live-Load 

Shear 

Pounds 

Maxiinum 
Shear 
(Dead -h 
Positive 
Live-Load) 
Pounds 

Minimum 
Shear 
(Dead + 
Negative 
Live- Load) 
Pounds 


+ 78.400 

+ 22,400 

— 2,000 

+ 58,000 

+ 14,000 

— 6,000 

+ 39.000 

+ 3.600 

— 12,000 

+ 23,200 

— 8,800 


54. Exact Live-Eoad Shears. — For purposes of com- 
parison, the exact maximum live-load shears may be 
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calculated from the formula given in Stresses in Bridge 
'Trusses^ Part 1 ; namely, 

2 — 1 ) 

In the present case, W” , the panel load, is equal to 16,000 
pounds, and w is equal to 8 For the panel ab^ m = 7 ; for 
the panel 7 n = 6; etc. The exact shears, the approximate 
shears, and the differences are as follows- 


Panel 

Exact Shear 
Pounds 

Approximate 

Shear 

Pounds 

Difference 

Pounds 

a b 

S6,ooo 

56,000 


be 

41,100 

42,000 

900 

cd 

28,600 

30,000 

1,400 

de 

18,300 

20,000 

1,700 

ed> 

10,300 

12,000 

1,700 

d'd 

4,600 

6,000 

1,400 

dV 

1,100 

2,000 

900 

da! 





The approximate shears are greater than the exact in every 
panel except the two end panels. This is on the safe side, 
and, as the differences are not great, the approximate values 
may be used. 

55 . Maximum and Minimum Stresses in tiie 
Diagonals. — The maximum stresses in the diagonals are 
found from the maximum combined shears. The stress in 
any diagonal is equal to the combined shear in the panel in 
which the member is located multiplied by esc which 
in this case is 

Vl6" + 2^ _ 2.28 
20 

in all panels except de, both the maximum and minimum 
combined shears are positive. In panel de, they are of 
opposite kinds, when the truss is loaded on the right of 
this panel, the combined shear is positive; when loaded on 
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the left, it is negative. This reversal of shear requires the 
use of two diagonals m panel de. As explained in Art. 46, 
the diagonal De, which slopes upwards toward the left, is the 
main diagonal and is in tension when the shear in panel de 
is positive; the diagonal dE^ which slopes upwards toward 
the nght, is the counter, and is in tension when the shear is 
negative. The maximum combined shear m the panel de 
positive and equal to 23,200 pounds; then, the maximunm 
tension in Be is equal to 23,200 X 1-28 = 29,700 pounds. 
The minimum combined shear m panel de is negative and 
equal to 8,800 pounds; then the maximum tension m dE is 
equal to 8,800 X 1.28 = 11,260 pounds. The minimum stress 
in each diagonal in panel de is equal to zero, as it is assumed 
that when one is in action the other is out of action. 

66. From the foregomg, it follows that the maximum 
tension in any main diagonal to the left of the center is equal 
to the maximum positive combined shear in the panel in which 
the diagonal is located, multiplied by esc AT. When the min- 
imum combined shear in any panel is positive, the minimum 
tension in the diagonal in that panel is equal to the min- 
imum combined shear multiplied by esc AT; when the minimum 
combined shear is negative, a counter is required, the max- 
imum tension in which is equal to the minimum combined 
shear multiplied by esc H; in the latter case, the minimum 
tension in both the main diagonal and the counter are equal 
to zero. 

67 . Maximum Stresses In the Verticals. — The stress 
in the hip vertical Bd is found by considering the joint d, the 
maximum combined stress m is tension, and equal to 
the sum of a dead and a live panel load, or 22,400 pounds. 
The stress in Cc is found by considering joint C As the 
only vertical forces acting at this joint are the stresses in Cc 
and Cdy the maximum combined stress in Cc is compression 
and equal to the vertical component of the maximum com- 
bined stress m Cd, or 39,600 pounds. In like manner, the 
maximum combined stress in Bd is found to be 23,200 
pounds compression, and in Ee^ 8,800 pounds compression. 
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The stress in is a maximum when joints rf', and V are 
loaded with live load. Under this condition of loading, the 
combined shear m panel ed^ is positive, counter-/?^' is in 
action, and main diagonal eD^ is out of action. The mem- 
bers of the truss that are m action for this loading are shown 
in Fig. 20 (^). The stress in Ee is equal to the Shear on 
section r, which is the maximum positive shear in panel 
or 12,000 — 3,200 = + 8,800 pounds compression. 

When a portion of the dead load is assumed to be applied 
at the joints of the unloaded chord, the stress in any vertical 
to the left of the center, except the hip vertical, is equal to 
the vertical component of the stress in the diagonal m the 
panel to the right, plus the load at the joint of the unloaded 
chord. 

68. Minimum Stresses in the Verticals. — The mini- 
mum stress in ^ 3 IS tension, and equal to a dead panel load, 
or 6,400 pounds. The combined stress in is compression, 
and equal to the vertical component of the minimum com- 
bined stress in Cd^ or 3,600 pounds. The minimum stress 
mDdis zero, and occurs when the stress in the diagonal Dc 
IS a minimum, that is, when the counter is in action and 
the main diagonal De\^ out of action. In like manner, the 
minimum stress m Ee is zero, and occurs when the main 
diagonals De and eH are both in action, the stresses in the 
counters dE and d^ E being zero. 

69. Combined Stresses. — The maximum and mini- 
mum stresses are shown in Fig. 22; the dead and live-load 
stresses, in Fig. 21. In the counter dE^ Fig. 21, there is 
shown a compressive stress of 4,100 pounds due to dead 
load; and in Ee, a tensile stress of 3,200 pounds. These are 
the stresses that would occur dE sridEe if the main 
diagonal De m the panel de were omitted when there is nc 
live load on the truss. No compression can actually occur 
in dE, and no tension in Eey the values given being the 
amounts by which the live-load stresses in those members 
are reduced by the dead load when the main diagonal De \s 
out of action. 
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60. Odd Number of Panels. — The Pratt truss repre- 
sented in Fig. 23 has an odd number of panels. In this truss, 
there is a center panel in which the dead-load shear is zero. 
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The dead-load stresses in the two diagonals in this panel 
are, therefore, equal to zero, and both may be considered as 
counters. Otherwise, this truss is the same as the one 
already analyzed. 

61. Chord Stresses for Partial Doad. — It is some- 
times necessary to compute the stress in a chord member 
due to a live load over a portion of the span In the panels 
where there are no counters, the center of moments for any 
chord member will be the same for a partial as for a full 
load. In the panels where there are counters, the center of 
moments for the chord members depends on whether the 
counter or the mam diagonal is in action for the specified 
loading. If the main diagonal is in action, the center of 
moments will be at the intersection of the main diagonal 
with the opposite chord; if the counter is in action, the 
center of moments will be at the intersection of the counter 
with the opposite chord. 


Example — Let it be required to calculate the stress m the chord 
member e d\ if the through Pratt truss shown m Fig 20 {a) carries a 
dead load of 6,400 pounds at each panel point, and a live load of 
16,000 pounds at each of the panel points ci\ c'^ and 


Solution — The dead-load reaction at the left end is 
7 X 6,400 
2 


= 22,400 lb. 


The dead-load shear in the panel ed* is 

22,400 - 4 X 6,400 = - 3,200 lb. 
The hve-load reaction at the left end is 
16,000 X (1 + 2 + 3 -}- 4) 

8 


20,0001b. 
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The live-load shear in the panel e is 

20,000 - 16,000 = + 4,000 lb. 

The combined shear in the panel ed^ is 

- 3,200 + 4,000 = + 800 lb 

The combined shear is positive, and causes tension in the member 
sloping upwards to the left, which is the counter d^ E. Therefore, the 
counter d^ E is in action for the specified loading, as shown in 
Fig 20 (£:) , and the center of moments for e is at E, the intersection 
of fif' 5 and ZV. Then, the stress in e d^ is equal to the moment at E 
divided by the height of the truss, or, the tension in ed^ is 
[22,400 X 4 - 6,400 (1 + 2 + 3) + 20,000 X 4] X 16 ^ 


THB DECK PRATT TRUSS 

62. Description. — The deck Pratt truss may be sup- 
ported in any of the ways shown in Figs. 24, '25, and 26. 



Fig 24 


These three trusses are alike except for the end panels. In 
Fig 24, the truss is supported at the point a in the same way 



Fig 26 


as the through Pratt truss; the loads in the end panel are 
supported by stringers A By the ends of which either rest on 



Pig 26 


the masonry at A or are supported by vertical members a A. 
In this truss the inclined member a B is the end post, and is 
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a compression member. In Figf. 26, the truss is supported 
at the point and the end diagonal A 6 is sl tension mem- 
ber- In Fig. 26, the truss is supported at the point a; the 
vertical a A is in compression, and is called the vertical end 
post; the web diagonal ^ ^ is in tension; the stress in ab due 
to dead and live loads is zero, this member being inserted 
for the sake of stiffness. 

63. Cliord Stresses. — Using the same loads and 
dimensions as for the through Pratt truss in Fig. 20 (a), 
the stress in any chord member of the deck Pratt truss will 
be the same as the corresponding member of the through 
Pratt truss. For example, the stress in CD^ Fig. 20 (a), 
is equal to the moment at d divided by the height of the 
truss; also, the stress in C Figs. 24, 26, and 26, is equal 
to the moment at d divided by the height of the truss. In 
Figs. 25 and 26, the stress in A B equals the stress in be. 
For any other dimensions and loading, the chord stresses 
may be found in exactly the same way as for the through 
Pratt truss. The maximum chord stresses occur when 
there is a full live load; the minimum, when there is no 
live load. 

64. Stresses In Diagonal Members. — The end diag- 
onal in Fig. 24 is a compression member; the end diagonals 
in Figs. 25 and 26 are tension members The vertical com- 
ponent of the maximum stress in the end diagonal is equal 
to the maximum positive shear m the end panel; the ver- 
tical component of the minimum stress is equal to the dead- 
load shear. The stresses in all the other diagonals may be 
found in exactly the same way as for the through truss. 

65. Stresses in Vertical Members. — The stresses in 
the verticals are different from those in the corresponding 
members of the through truss The vertical Bb^ Fig, 24, 
IS the hip vertical; the stress in 5 ^ is equal to zero, or to 
the dead load at if any. The maximum stress m Aa^ 
Fig, 26, is equal to the left reaction when there is a full 
live load; the minimum stress in A a is equal to the left 
reaction when there is no live load. In calculating the 
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stress in A a, one-half of a panel load must be applied at A, 
as this is carried to the abutment by A a. The stress in any 
other vertical is, in general, equal to the shear on a plane 
of section cutting that vertical and two chord members. 
Thus, the stress in Cc, Fig. 24, is equal to the shear in the 
plane of section p'. Then, the maximum compression in 
any vertical on the left of the center (except the hip ver- 
tical and vertical end post) is equal to the maximum positive 
shear in a plane cutting that vertical and the two chord 
members between which the vertical lies. This occurs when 
the joint at the top of the member and all joints to the 
right are loaded. 

The maximum positive combined shear in the panel to 
the left of the center vertical may be less than the sum of a 
dead and a live panel load, in which case the maximum 
compression in the vertical will be equal to the sum of a 
dead and a live panel load In this case, the shear in the 
panel to the right of the vertical will be negative, and the 
main diagonals in both center panels wiU be in action; as 
the stresses in the two counters that meet at the top of the 
center vertical will then be equal to zero, the vertical will 
simply support the load at its upper joint. 

When the minimum combined shear in any panel on the 
left of the center is positive and greater than a dead panel 
load, the minimum stress in the vertical on the right of such 
panel is equal to the minimum combined shear on the plane 
cutting such vertical and the two chord members between 
which it lies. When the minimum combined shear is positive 
and less than a dead panel load, the shear in the panel to die 
right of the vertical is negaUve. The diagonal sloping 
upwards to the left will be in action in the panel on the 
left, the diagonal sloping upwards to the right, in the panel 
on the right, and the stress in the diagonal or diagonals that 
meet the vertical at the top will be zero Then, the only 
vertical forces acting at the top of the vertical member will 
be the dead panel load and the stress in the member; there- 
fore, the minimum stress in such a vertical member will be 
equal to a dead panel load. 


ILT 334—11 
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When the minimnm shear in the panel to the left of any 
vertical is negative, the shear in that panel may have any 
value between the minimum shear, which is negative, and the 
maximum shear, which is positive. Therefore, under some 
conditions of loading, the shear in the panel to the left will 
be positive and less than a dead panel load, and then the 
stress in the vertical will, as shown, be a minimum and equal 
to a dead panel load In like manner, it may be shown that 
the minimum stress in any vertical between this member and 
the center will be equal to a dead panel load. 

Example — Let it be required to calculate the maximum and mini- 
mum stresses in the verticals of the deck Pratt truss shown m Fig 25, 
using the same dimensions and loads as for the through truss shown 
in Fig 20 {a) and described in Art 48- 

Solution — The maximum and minimum shears are the same as 
for the through truss, and are given in Art. 63- They are as follows; 


Panel 

Maximtizu Shear 
Pounds 

Minimum Shear 
Pounds 

AB 

+ 78.400 

1 + S2,400 

BC 

+ 58,000 

+ 14,000 

CD 

+ 39 .O 00 

+ 3.600 

DE 

+ 23,200 

j — 8,800 

maximum stresses 

(which are the 

sum of the dead- and hve- 


stresses) are as follows; 

Member 

Bb 

Cc 

Dd 

Ee 


Stress, in Pounds 
+ 22,400 + 56,000 = + 78,400 
+ 16,000 + 42,000 = + 58,000 
+ 9,600 -1- 30,000 = + 39,600 
-h 3,200 +20,000 = +23,200 


The maximum stress in ^ is equal to the maximum positive shear 
in panel D as this is greater than the sum of a fuU dead and a full 
live panel load (22,400 lb ) 


The minimum stresses are as follows* 


Member 
Bb 
Cc 
Dd 
E e 


Stress, in Pounds 
+ 22,400 
+ 14,000 
+ 6,400 
+ 6,400 
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The miminum shear in panel CD is positive and equal to 3,600 
pounds, It occurs when joints B and C are loaded Under this condi- 
tion of loading, the load at ZP is a dead panel load, or 6,400 pounds. 
Then, the shear in panel DE for the same loading is 3,600 — 6,400 
= — 2,800 pounds, as this is negative, the counter dE is m action and 
the stress in Z? ^ is zero Therefore, the stress in Z? c? must be equal to 
the dead panel load at Z>, which is equal to 6,400 pounds In like 
manner, it may be shown that the minimum stress mEei& 6,400 pounds 


EXAMPLES FOR PRACTICE 

1 Let Fig 27 be a ten-panel through Pratt truss having a span 
length of 180 feet and a height of 25 feet If the dead load la 1,200 
pounds, one-third of which is applied at the joints of the unloaded 
chord, and the live load is 2,400 pounds, per linear foot of bridge, 



what are- (a) the maximum stresses in the counters and mam diago- 
nals in all the panels in which counters are required? (^) the maxi- 
mum and minimum stresses due to combined live and dead load in the 
diagonals a B and B {c) the maximum and minimum stresses due 
to combined dead and live load m the verticals Bb, Dd^ and Ffl 
i^d) the maximum and minimum stresses due to combined dead and 
live load in the chord members bc^B and D E'i 

Stress, in Pounds 


(«){ 


Aas. ' 

(c) 

(d) 


Member 

Ef,fE' 

eF,F^ 

aB 

Be 

Bh 

Dd 

Ff 

be 

BC 

DE 


Maximum 

- 46,600 

- 20,000 
4- 179,600 

- 142,400 

- 28,800 
4- 65.160 
4- 19.800 
- 105.000 
4- 186,600 
4- 279.900 


Minimum 

0 

0 

4-69,900 

-43,900 

- 7,200 
4“ 6,840 
4- 3,600 

- 36,000 
4-62,200 
4-93.300 


2. Let Fig 28 be a nine-panel deck Pratt truss having a span length 
of 180 feet and a height of 26 feet If the dead load is 1,200 pounds, 
one-third of which is applied at the joints of the unloaded chord, and 
the live load is 2,200 pounds, per linear foot of bridge, (a) what are 
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ithe maximum combined stresses in the counters and mam diagonals 
in all the panels m which counters are required? (A) what are the 



maximum and minimum combined stresses in the diagonals ^ and 
C d'i (i:) in the verticals Bb^Dd^ and E e} (d) in the chord members 


be, CDi and EE'? 


Ans 


Msmbhr 

Stress, in Pounds 
Maximum Minimum 

Ed, eE' 

- 30,800 

0 

Deadly 

- 61,400 

0 

dE,d'E' 

- 3,400 

0 

Ah 

- 171,600 

- 60,600 

Cd 

- 96,100 

- 21,000 

Bb 

4- 132,000 

+ 44,000 

Dd 

-1- 71,300 

+ 12,700 

Ee 

+ 44,700 

+ 8,000 

be 

-104,600 

- 36,900 

CD 

+ 236.400 

+ 83,100 

EE' 

+ 261,600 

+ 92,300 


THE HOWE TRUSS 

66. Description. — The Howe truss, shown in Fig. 29, 
was one of the earliest forms of simple bridge trusses in 
America. As originally constructed, it had short panels with 


A B q ^ 



two diagonals in each panel, and vertical end posts; all parts 
of the truss were constructed of wood, except the inter- 
mediate verticals, which were iron rods This type of truss 
is still used to some extent in localities where timber is 
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plentiful. At present, however, all the members that receive 
no stress are omitted, and the lower chord is frequently con- 
structed of steel. The diagonals are designed to resist com- 
pression only, therefore, they must slope downwards to the 
left in the panels m which the shear is positive; and down- 
wards to the right in the panels in which the shear is neg- 
ative. Two diagonals, one sloping in each direction, are 
required in each panel in which the sign of the maximum 
combined shear is opposite to that of the minimum combined 
shear. In the original trusses of this type, two diagonals 
were put in each panel, but the extra diagonals or counters m 
the panels near the ends were unnecessary. The verticals, 
except the vertical end post, were designed to resist tension 
only. 

The modem forms of the Howe truss are shown in Fig. 30 
as a through truss, and in Pig. 31 as a deck truss. The end 
posts, upper chord, and intermediate diagonals are con- 
structed of wood; the verticals and bottom chord are of 
steel. The counters are shown in dotted Imes, and are put 
in only where necessary. 

67. Galcnlatlou of Stresses. — The stresses in the 
members are calculated in exactly the same way as the 
stresses in the members of the Pratt truss. The maximum 
stress in the center vertical Dd oi the through truss shown in 
Fig. 30 is equal to the maximum positive shear in panel cd 


B € 2> c' b' 



(when there is no dead load at D), or to a full dead and live 
panel load, whichever is the greater; the minimum stress is 
equal to a dead panel load. The maximum stress in the 
center vertical dD oi the deck truss shown in Fig. 31 is 
equal to the maximum positive shear in the panel dd; the 
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TTiiTi itniim stress is equal to zero, and occurs when the main 
diagonals Cd and d O are in action. (In reality, the stress 



in rfZ>, under this condition of loading, is equal to the dead 
load at D\ but, if this is all assumed at the joints of the 
loaded chord, the stress vOidD will be zero.) 


EXAMPL'B rOB PBACXICB 

Let Fig 30 be a six-panel through Howe truss having a span 
length of 90 feet, consisting of six 16-foot panels, and a height of 
12 feet If the dead load is 800 pounds, all applied at the loaded 
chord, and the live load is 2,000 pounds, per linear foot of bridge, 
find: (a) the maximum and minimum combined stresses m the chord 
members 5 C and be, (b) the maximum combined stresses in both the 
main diagonal and the counter in each panel to the left of the center 
in which a counter is required, (c) the maximum and minimum com- 


Ans 


Member 

Stress, in Pounds 
Maximum Minimum 

(0)| 

[BC 

+ 65,600 

+ 18,800 

[dc 

- 106,000 

- 30,000 

(6)| 

\cD 

+ 28,800 

0 

[Cd 

H- 7,200 

0 


\Bb 

- 52,600 

- 16,000 

iDd 

- 21,000 

^ 6,000 


THE WHIPPLE TRUSS 

68. Description. — If the simple type of Pratt truss is 
used for the longer spans to which the Pratt truss is adapted. 
It will be impossible to make use of an economical height 
of truss and inclination of diagonal without using very long 
panels, thereby making the floor system very heavy. For 
such spans, it is convenient to use a modified form of the 
Pratt truss, making use of multiple systems of web or 
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subdivided panels. The Whipple truss, sometimes called 
the double-intersection Pratt truss, is a modified form 
of the Pratt truss, m which there are two systems of web 
members, the diagonals running across two panels, as 
shown in Fig 32 (^) The two systems of web members 
are shown in full and dotted lines There is a large number 
of these trusses in use at the present time, but they are now 



( 0 ) 

Fig 82 

avoided by the best engineers, because the actual stresses in 
some members cannot be determined accurately. 

69. Method ol Calculation. — Applying the principles 
of the method of sections to the truss shown in Fig. 32 {a), 
It will be seen that, if the truss is cut by a plane in any 
panel except the end panel, the plane will cut at least four 
members in which the stresses are unknown, and it will be 
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impossible to determine those stresses by the principles of 
statics, unless some assumption is made regarding the dis- 
tribution of the stresses among the members It is custom- 
ary to assume that the truss is composed of two trusses 
lying in the same plane and having the chords and end posts 
in common. The stresses in each truss are supposed to be 
caused by the loads that are directly applied to it. The two 
systems in this case are shown separated in Fig. 32 (^) 
and (^) For convenience of reference, the system shown 
in full lines in Fig. 32 {b) will be called the primary system^ 
and the system shown in dotted lines in Fig. 32 (^r) will be 
called the secondary system. 

The joints by and y are common to both systems, 
and one-half of each of the loads applied at those points may 
be assumed to be supported by each system. The stresses 
may be found in all the members of each system, for the 
loads that come on that system, m exactly the same way in 
which the stresses are found in the single-intersection Pratt 
truss. As the chords, end posts, and hip verticals are com- 
mon to both systems, the stresses found in those members 
in each system are partial stresses, or component stresses, 
and must be added together to get the actual stresses. As 
each of the web members, except the end posts and hip 
verticals, occurs in but one system, the stresses found in 
them are the actual stresses. The assumption that the two 
web systems act independently is not strictly correct, but 
the resulting error is probably very small. 

Example — Let it be required to calculate the maximum stresses in 
the chord members CD^ DE, <?/, and and in the web mem- 
bers BCy Eey e Gy Ddy and Dfy in the twelve-panel through Whipple 
truss shown in Pig, 32 («), having a span length of 216 feet, and a 
height o£ 36 feet, when the dead load is 1,000 pounds (all applied at 
the ]omts of the loaded chord), and the live load is 1,600 pounds, per 
linear foot of bridge. The dead and the live panel load are 9,000 and 
14,400 pounds, respectively, at the joints b and the panel loads for 
each system are to be taken at one-half these values 

Solution. — Chord Stresses — The truss may be separated into the 
primary system shown in Fig 32 (^) and the secondary system shown 
in Fig. 32 (c) To find the stresses in CDy DEy efy and fgy it is 
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necessary to calculate the stresses mCE and eg of the primary system, 
and VD. B D, D F, d f, and f f of the secondary system The total dead 
load on the primary system is 9,000 X 6, and each reaction is equal to 

27,0001b. 

The dead-load chord stresses are as follows 


Stress m = 


(27,000 X 4 - 4,600 X 3 - 9,000 X 2) X 18 


= +38, 260 lb 


The stress in eg is equal to the stress in CE = — 38,260 lb. 

The total dead load on the secondary system is 9,000 X 5, and each 
reaction is equal to 

9,000 X 6 ^ 22,600 lb 


The dead-load chord stresses are as follows* 


Member 


(22,600 X 3 - 4,600 X 2) Xl8 


Stress, 
IN Pounds 

= +29,260 


^ p ^,600 X 6 - 4,600 X^4 - 9,000 X 2) ^ 


df (stress in 
/ /■' (stress in EE) 

Then, the dead-load chord stresses in this truss are* 


- 29,260 
-38,260 


Member Stress, in Pounds 

CE 38,260 + 29,260 = + 67,600 

EE 38,260 + 38,260 = + 76,600 

€ f 88,260 + 29,260 = - 67,600 

fg 38,260 + 38,260 = - 76,500 

As all the dead load is applied at the joints of the loaded chord, the 
live-load stresses will be equal to the dead-load stresses multiplied by 
1 600 

, and the maximum combined stresses will be equal to the dead- 

1 |(JUU 

2 600 

load stresses multiplied by or by 2 6 

The maximum combined stresses are as follows: 


Member 

Maximum StrbsS, 

IN Pounds 

CE 

+ 67,600 X 2 6 = + 176,600 

EE 

+ 76,600 X 2 6 = + 198,900 

ef 

- 67,600 X 2 6 = - 176,600 

fs 

- 76,600 X 2.6 = - i98,900 


Wed Stresses — The web members Ec^ Ee^ and eG occur in the 
primary system The dead-load shears are as follows 
shear in panel dc ^ 27,000 — 4,600 = 22,600 lb 
shear m panel eg = 27,000 - 4,600 - 9,000 X 2 = 4,600 lb 
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For the member B 

CSC H = 

for the member e G, 

csc^ = 


V18- + 36* 
36 


1 118; 


^|36• + 36* 
36 


= 1414 


The dead-load stress in is 22,600 X 1 118 = — 26,200 lb. 

The dead-load stress in is H- 4,600 lb 

The dead-load stress m e G (counter, assuming that the mam diag 
onal ££' IS left out) is 4,600 X 1 414 = -f 6,400 lb 

The members and occur m the secondary system. The 
shear in the panel rf/is 22,600 — 4,600 — 9,000 = 9,000 lb 
The dead-load stress in Z) a? is -h 9,000 lb 
The dead-load stress in D/is 9,000 X 1 414 = — 12,700 lb 
The maximum live-load stresses for the primary system are as fol- 
lows, the load at d' being a half-panel load For the member Bc^ 
with the truss loaded to from the nght end, the shear in panel Ac is 
14,400(4 + 2 + 4 + 6 + 8 + 10) _ 

1a 


The live-load stress in Be is 36,600 X 1 118 = — 40,900 lb. 

For the member with the truss loaded to ^ from the right end, 
the shear in panel ^ ^ is 


14,400 (i 4- 2 -h 4 -h 6) 
12 


15,000 lb 


The live-load stress in is + 16,000 lb 

For the counter e G, the member ^ G may be considered instead 
With the truss loaded to e' from the right end, the shear in panel is 
14,400 (i -h 2 -f 4) 


12 


= 7,800 lb. 


The live-load stress in ^ is 7,800 X 1 414 = — 11,000 lb 
The maximum live-load stresses for the secondary system are as 
follows, the load at being a half-panel load* For the members Dd 
and D /, with the truss loaded to /, from the nght end, the shear in 
panel df \s 

14.400 (i + 8 + 6 + 7) 

12 


18,600 lb 


The live-load stress \n Dd is -(- 18,600 lb 

The live-load stress \n Dfis 18,600 X 1 414 = — 26,300 lb. 

The final maximum combined stresses are as follows 


Mbmbkr Stress, in Pounds 
Be - 26,200 - 40,900 = - 66,100 
E e 4,600 + 16,000 = -t- 19,600 

eG - 11,000 + 6,400 = - 4,600 
Dd 9,000 + 18,600 = + 27,600 
Di - 12,700 - 26,300 = - 39.000 
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EXAMPLE FOR PRACTICE 


Let Fig 32 {a) be a twelve-panel through Whipple truss having 
a span length of 180 feet and a height of 30 feet If the dead load is 
1,200 pounds, all applied at the joints of the loaded chord, and the 
live load is 2,200 pounds, per linear foot of bridge, find, (fl) the maxi- 
mum and minimum combined sti esses in the chord members cd^ de^ 
EFy and FG^ [b) the maximum and minimum combined stresses m 
the web members B d, Eg^ FF , Cc^ and Ff 

__ Stress, in Pounds 

Member 

Maximum Minimum 



’ cd 

— 

102,000 

— 

36,000 

(a) 

de 

— 

163,000 

— 

64,000 

EF 

+ 

229,600 


81,000 


\fg 

+ 

229.600 

+ 

81,000 


[Bd 


73,100 


24,600 


Eg 

— 

30,700 


0 

(*)■ 

FF 

— 

16,600 


0 

Cc 

+ 

41,700 

+ 

10,100 


Ff 


11,700 


0 


THE POST TRUSS 

70. Description. — The Post truss, Fig. 33 (a), may 
be looked on as a modified Whipple truss with an odd num- 
ber of panels in the bottom chord. This truss is seldom 
built at present on account of the uncertainty in the stresses. 
The compression web members are inclined so that their 
upper joints are one-half a panel nearer the center of the 
truss than their lower joints. The two center members, 
one on each side of the center panel of the lower chord, 
meet at the center of the upper chord. The main diagonals 
are tension members and slope across one and one-half 
panels. The diagonals shown in dotted lines are counters, 
and were formerly inserted in each panel, althongh those in 
the panels near the ends were not needed. At present, 
counters are used only where they are actually needed. 
There are in reality two systems of web members, but as 
they are connected at the center joint of the upper chord, 
and as the counters connect the compression web members 
of the two systems, it is impossible to calculate the stresses 
from the equations of equilibrium without making some 
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assumption as to their distribution. The common assump- 
tions for this truss gfive only roughly approximate results. 
It is customary to divide the truss into two systems, as 
shown m full Imes m Fig. 33 (d) and (c), and treat each sys- 
tem as an independent truss m much the same way as in the 
Whipple truss. It will be seen that each system is unsym- 
metrical, but that the two are alike end for end. 


A B C 1> B iF Jff' C' il' 



A C B B b' B' A' 



a b d f e' d' o' a' 


Fig 88 

71 . Chord Stresses.— It will be necessary to calculate 
±e stresses in all the chord members of only one system. 
For example, the maximum stress in^.^, Fig. 33 (a), is equal 
o the sum of the stresses in AC^ Fig. 33 (^), and A By 
Fig. 33 {c). But, since, when the whole truss is fully loaded, 
he stress in A ^ is equal to that m A By Fig. 33 (c), it is not 
lecessary to calculate the latter stress separately. The stress 
n A Cis equal to the moment at c divided by the height; the 
itress in A' B^ is equal to the moment at d' divided by the 
leight. In like manner, other chord stresses may be found. 
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72. Stresses In. Main Web Members. — As the systems 
are alike end for end, it is only necessary to analyze each 
system for loads on the right of the center. The member 
Fig. 33 occurs mboth systems; the stress in it is equal to 
the sum of the reactions at ez in the two systems, Figs 33 {b) 
and (r) , multiplied by csc/T,; or, since the reaction at a in {c) 
is equal to the reaction at a! m (d), the stress vaaA is equal 
to the sum of the two reactions of either system multiplied 
by CSC ATx. The same is true of the stress in a'. The 
maximum stresses m the other web members may be found 
from the maximum shears in the respective panels. For 
example, the vertical component of the maximum stresses 
m Ac and in A'c^ is equal to the maximum positive shear in 
panel Fig. 33 (b); in Cc and Ce, O d and CV, to the 
maximum positive shear in panel ce, Fig. 33 [b)\ in Ee and 
E E^ d and A*'/, to the maximum positive shear in panel tf/', 
Fig. 33 {b). 

Also, the vertical component of the maximum stresses 
in A b and A^ V is equal to the maximum positive shear m 
panel ab. Fig. 33 (c); in Bb and Bd, B' b^ and B^ d\ to the 
maximum positive shear in panel bd. Fig. 33 {c)i m Dd 
and Df^ d' and to the maximum positive shear m 

panel dl, Fig 33 (c). The maximum positive shear in any 
panel obtains when all joints to the right are loaded with a 
live load. 

73. Stressee In Counters. — The compression mem- 
bers F/ and F/^ may be considered as counters, as they are 
not in action for full load. In Fig 33 ib), when the com- 
bined shear in panel d' is positive, the members E'd' 
and ZV/' may be considered out of action, and the mem- 
bers d' E\ E^ d, d F, and FF in action. In Fig. 33 (c), when 
the combined shear in panel /d is positive, the members dE^ 
and E' / may be considered out of action, and the mem- 
bers d F and F/ in action, when the combined shear m 
panel d d is positive, d O and U d maybe considered out of 
action, and d U ^ d^y d^ E\ and E^ d in action. When the 
live load extends to d from the nght, the joints and 
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Fig. 33 (i), and ^ and Fig. 33 (c), will be loaded. If the 
combined shear in panel is positive, the vertical com- 
ponent of the stresses m Ff and Fe! is equal to the shear in 
the panel if the combined shear in the panel V is also 
positive, the vertical component of the stress in Ff^ and 
is equal to the shear in panel f and the vertical component 
of the stress in Fd is equal to the sum of the shears in 
panels and fd The stresses in the other counters may 
be found in like manner. 

It must be understood that for this truss the foregoing 
method of calculation is roughly approxhnate and is given 
here simply to afford a means of findmg stresses in trusses of 
this nature already built rather than as a guide in designing. 
The Whipple truss answers the same purpose as the Post truss, 
and is preferable because the approximate method of calcula- 
tion gives closer results for the former than for the latter. 

THE BAIiTIMORE TRUSS 

74# Description. — The Baltimore truss, shown as a 
through bridge in Fig. 34, is in reality a Pratt truss with 
long panels, which are subdivided by the addition of short 
verticals and diagonals, such as Ed said Dc, intersecting the 
main diagonals half way between the top and bottom chords 
This form of truss allows the use of an economical height and 
inclination of diagonal, without excessively long panels, and 
is used to a great extent at the present time for railroad 
and highway bridges. The short verticals d^ Ff, etc.), 
called the subvertlcals, are tension members; the short 
diagonals (cD, cF^ etc.), called the substruts, are compres- 
sion members; eF also acts as a tension member as the 
lower half of the counter when that counter is in action. 
All the other members are similar to the corresponding 
members of the simple Pratt truss. 

76. Chord Stresses. —The stress in any top-chord 
member may be found by cutting the truss by a plane that 
intersects the member whose stress is desired and the lower 
half of a main diagonal. For example, for the stress in CE, 
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Fig. 34 (a), the truss may be considered as cut by a plane at 
the section g; then the stress in is equal to the moment 
of all the forces to the left of section g about the point e 



(fi m 

Pig. 84 


divided by the height of the truss. In the present case, 
Fig. 84 (^), 

0 __ X ( 1 + 2 + 

01 — _ , 
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denoting the panel length by and the height of the truss 
by h. 

The stresses in the bottom-chord members aSy de^fgy 
etc. may be found by cutting the truss by a plane that inter- 
sects the member whose stress is desired and the lower half 
of a main diagonal. For example, for the stress in 
Pig. 34 (a)y the truss may be considered as cut by a plane 
at the section g; then the stress m de is equal to the moment 
of all the forces to the left of section g about the point C, 
divided by the height of the truss. In this case, loads at d 
and Dy if any, have positive or right-handed moments about 
the point C, similar to the moment of Rx^ and this must 
be remembered in writing the equation of moments. The 
moment of the forces on the left of section g about the point C is 
not the bending moment on the truss at the point C, In the 
present case, Fig. 34 (^), 

^ _ R,X 2 p^lVXP+ WXP 
“ h 

The stresses in the bottom-chord members bcy cdy efy etc. 
may be most easily found by considering the forces acting 
at the intermediate panel points. For example, for the 
stress in cdy Fig. 34 (a), the joint d may be considered 
a free body, as shown in Fig. 34 (^). The only hon- 
zontal forces are S 4 , and S^; they must be equal and 
opposite; in other words, the stress in is equal to the 
stress in de In like manner, it may be shown that the 
stress m is equal to the stress in ab, that in ef equal 
to that in fgy etc. 

The maximum chord stresses obtain when there is a full 
live load; the minimum stresses, when there is no live load. 

76. Stresses In the Subverticals. — The stress in any 
subvertical may be found by considering the forces acting at 
an intermediate panel point. For example, for the stress in 
Ddy the joint dy Fig. 34 {^), may be considered. The only 
vertical forces are the stress in D d and the panel load IV; 
they must be equal and opposite. Therefore, the stress in any 
subvertical is tension: the maximum stress is equal to the sum 
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of a dead and a live panel load; the mimmunt stress is equal to 
a dead panel load, 

77. Stresses in tlie Sliort Diag^onals or Substrnts. 

The stresses in the short diagfonals Bc^Dc.Fe, etc. may be 
found by considering the forces acting at the intermediate 
joints B.D^Fy etc. For example, for the stress in cD, 
Fig, 34 (a), the joint D may be treated as a free body, as 
shown in Fig. 34 [d). There are four forces (5., 5., 5„ 
and Sr) acting on j*omt D, is required; 6*. is known; 

5, and Sr are unknown, and are not required at the pres- 
ent time. S^ may be resolved at the point c in its line 
of action into Sy and S^^ its vertical and horizontal com- 
ponents, respectively. If the point e is taken as the center 
of moments, the moments of S^t S^ and Sje will all be zero. 
Then, 

IM SyX2pS,Xp = 0 ; 

u ^ S, W 

whence ^ “2 ~ "2" 

and S^ = SyX esc //= ^ esc H, compression 

In other words, the vertical component of the stress in a 
short diagonal is equal to one-half the panel load at the top 
and at the foot of the short vertical. Then, the maximum 
compression in a short diagonal is equal to one-half the sum of a 
dead and a live panel load multiplied by esc H; the minimum 
compression {.except in e F) is equal to one-half of a dead panel 
load multiplied by esc H. The minimum stress in if/' will be 
discussed later in connection with counter eFG. In case 
part of the dead load is applied at the point D, this must be 
added to the panel load at d in getting the stress in cD, 

78. Stresses in tlie Hip Verticals.— The stress in 
the hip vertical Cc may be found by considering the joint c as 
a free body [Fig. 34 (<f)] . The forces acting at ^ are W, 5., 5., 
Sui and The equation I Y I S sm H — 0 gives 

lY^ S.-S.smH-S.smH-W^ 0; 

whence 

S. = 5. sin /T -I- 5. sin -H W, tension 


ILT 334—12 



76 


STRESSES IN BRIDGE TRUSSES 


§68 


S, and 5. are the stresses in the short diagonals Be and ^ Z); 
therefore, S, sin Zf and S. sin H are each equal to and 

+-f + w"= aw' 

It is thus seen that ihe viaximum tension in the hip vertical 
is cQiial to twice the sum of a dead and a live panel loadj a7id 
that the minittium tension is eQual to twice a dead panel load» 


79. Stresses in the Main Diagonals. — The stress in 
the lower half of a mam diagonal may be found by consid- 
enng the portion of the structure to the left of a plane cutting 
that member and two chord members. For example, for the 
stress in De, Fig. 34 {a), the truss may be cut by a plane at 
the section q. The vertical component of the stress in the 
diagonal is equal to the shear on the section. The stress in 
the end post is compression; in the other diagonals, it is tension. 
The maximum stress in the lower half of a mam diagonal to 
the left of the center is equal to the maximum positive shear 
multiplied by esc Hy the minimum stress is equal to the 
minimum shear multiplied by esc H, when the minimum shear 
is positive. When the minimum shear is negative, a counter is 
required, and the minimum stress in the mam diagonal is zero. 

The stress in the upper half of a main diagonal may be 
found by considering the forces acting on the portion of the 
structure to the left of a plane of section that cuts the upper 
half of that diagonal, a short diagonal, and two chord mem 
hers. For example, for the stress in EF, Fig. 34 («), the 
portion of the truss to the left of section r may be considered 
[see Fig. 34 (/)]. The equation S Y ^ S sin ^ = 0 gives 
S Y ^ R^ ^ AW — Sx^ sin H ^ Sxx sin ^ = 0; 
whence 

sin H = shear on section r — Sx% sin H 
Sxa is the stress in the short diagonal eF, and is equal to 
one-half the panel load at / multiplied by esc H. Then, 


Sx,x sin ^ 


and 


shear on section r 


\ 


-¥) 


X CSC H 
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In other words, ihe stress in the upper haU of a main diagonal 
IS equal to the algebraic sum of the shear in the panel in which 
the member is located and the vertical component of the stress in 
the short diagonaly multiplied by esc H, 

The maximum stress m B C obtains when the truss is fully 
loaded, and is compression; the vertical component of the 
stress is equal to the shear in the panel be plus the vertical 
component of the stress in Be, (The load at b increases the 
vertical component of the stress inB Cby ii IV^JV+^W 
= -A py). The minimum stress obtains when there is no live 
load on the truss. 

The maximum stress in Cl? is tension, and obtains when 
all the joints from d to b' are loaded with a live load. (The 
load at d increases the vertical component of the stress in CD 
hy 1 ?^ fV — JV = ^ JV.) The minimum stress obtams 
when joints b and c are loaded with live load. 

The maximum stress iixBBis tension, and obtains when all 
the joints from / to ^ are loaded with live load. (The load 
at / increases the vertical component of the stress m BB hy 
TV,) The minimum stress obtains when 
all the j'oints from ^ to ^ are loaded with live load. 

If the minimum combined shear in panels? / is positive and 
greater than a dead panel load, the shear in panel fg will also 
be positive, and the mam diagonal gBB will be in action. 
The stress in BFis then equal to the shear in panel ef minus 
one-half of the dead load at /, multiplied by esc H, If the 
minimum shear m the panel ef is negative, or positive and 
less than the dead load at /, the shear in the panel fg for the 
same loading will be negative, and the member FG will be 
in action as a counter. Under this condition, the stress in 
the lower half of the main diagonal gF will be zero, and the 
members that are in action at joint F will be those shown m 
Fig. 34 ig). It will be seen that the stress in FF is thus 
equal to one-half the dead load at F multiplied by esc ff] this 
is the minimum stress in EF, and is tension. 

80* Stresses in tlie Counters. — The stress m is a 
minimum (maximum tension) when the live load extends 
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from b to e. If the combined shear in the panel «/ is then 
negative, the stress in tf/?" is tension and equal to the shear 
plus one-half the dead load at /, multiplied by esc H. If the 
combined shear in panel -f / is then positive and less than one- 
half the dead load at /, the stress in « is tension and equal 
to the difference between one-half the dead load at / and the 
shear in the panel ef, multiplied by esc H. If the shear m 
panel c/ is positive and greater than one-half, but less than 
a full, panel dead load at /, the stress in eF 15 compression 
and equal to the shear in the panel ef minus one-half the 
dead load at /, multiplied by esc H. 

The maximum tension in FG is equal to the maximum 
negative shear in the panel fg multiplied by esc H, and 
obtains when the live load extends from b to /. The 
miniinum stress is zero. 

81. Stresses In the Yerticals. — The maximum stress 
in 6^^ is compression, and is equal to the vertical component 
of the maximum stress m FG plus the dead load at G, if 
any; the minimum stress is zero, and obtains when the 
counters FG and P G are out of action. The maximum 
stress in Ee is compression, and is equal to the vertical com- 
ponent of the maximum stress in EF) the minimum stress is 
equal to the vertical component of the minimum stress m EF 

82. Modified Baltimore Truss. — Fig. 35 shows a 
modified form of the Baltimore truss, in which the short 


O JB Q 



diagonals (exceptor) are attached to the upper-chord joints, 
and are tension members. The general method of analysis 
is the same as for the truss already treated. 

83. Deck Truss. — When used in a deck bridge, the 
Baltimore truss may be supported as shown in Fig. 36. 
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The live panel load is equal to 

X 16 = 18,000 lb. 


and the reactions for a fully loaded truss are each 


18,000 X 13 
2 


117,000 lb. 


Chord Stresses — As the loads of 6,000 lb at d, etc are ver- 
tically over the loads of 8,000 lb. at jff, C, etc , the moment of 

6,000 lb. at an tipper joint, plus the moment of 3,000 lb at a lower 
]oint, about any point will be the same as the moment of 9,000 lb 
about the same point. The minimum stresses m the chords are the 
dead-load stresses, they are as follows: 


Member 

Dead-Load Stress, m Pounds 

ab,bc , . 

68,600 X 16 

16 

cdi de . 

[68,600 X 4 - 9,000 (3 + 2)] X 16 
30 

ef,{g. . 

[68,600 X 6 - 9,000 (6 + 4 + 3 +2)] X 15 
• • • 30 

, [68,600 X 8 - 9,000 (7 + 6 + 6 + 4 + 3 + 2)] X 16 

• • 30 

CE . . 

(68,600 X 2 - 9,000 X 1) X 16 
30 

EG . . 

[68,600 X 4 - 9,000 (3 + 2 + 1)] X 16 
30 

Ga . . 

[68,600 X 6 - 9,000 (6 + 4 + 3 + 2 + 1)] X 16 


30 


+ 68,600 
+ 94,600 
+ 112,600 
+ 112,600 

- 64,000 

- 90,000 

- 108,000 


As the total panel load is equal to 18,000 lb live load plus 9,000 lb 
dead load, or 27,000 lb , the maximum chord stresses are equal to the 

27 000 

dead-load stresses multiplied by i or 3 They are as follows: 


Member 

Maximum Stress, in Pounds 

abi be 

+ 68,500 X 3 = + 176,600 

cdt de 

+ 94,600 X 3 = + 283,600 

ef.fg 

(- 112,500 X 3 = + 337,600 

gh 

+ 112,600 X 3 = + 337,500 

CE 

- 54,000 X 3 = - 162,000 

EG 

- 90,000 X 3 = - 270,000 

G& 

- 108,000 X 3 =» - 324,000 
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Web Stresses — The dead-load 
shears in the vanous panels ar® 
as given in the following table 



Dead-Load 


Dead-Load 

Panel 

Shear 

Panel 

Shear 


Pounds 


Pounds 

ab 

H- 58.500 

ef 

+ 22,500 

be 

+ 49.500 

fg 

+ 13.500 

cd 

+ 40,500 

gh 

+ 4,500 

de 

+ 31,500 




The maximum positive and 
negative live-load shears are as 
follows 


Panel 

Positive 

Live-Load 

Shear 

Nefiratlve 

Live- Load 
Shear 


Pounds 

Pounds 

ab 

+ 117,000 


be 

-h 100,300 

- 1,300 

cd 

+ 84,900 

- 3,900 

de 

+ 70.700 

- 7,700 

ef 

+ 57.900 

— 12,900 

fg 

+ 46.300 

— 19,300 

gh 

+ 36,000 

— 27,000 

The maximum and minimum 

combined shears are 

as follows: 


Combined Shear 

Panel 

Maximum 

Minimum 

a b 

+ 175.500 

+ 58.500 

be 

+ 149,800 

-|- 48,200 

cd 

4- 125,400 

-h 36,600 

de 

-1- 102,200 

-1- 23,806 

ef 

-1- 80,400 

9,^00 

fg 

+ 59,800 

— 5,800 

gfi 

+ 40,500 

— 22,500 
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V30“ + 30* 

From the figure, csqI/ =1 414 The maximum stress 

in 6 -5, Z>, etc is 18,000 + 6,000 = 24,0001b .compression Themmi 
mum stress m b By d Dy etc is 6,000 lb , compression. The maximum 
stress in BCy Dcy and Fg is 

/18,000 + 6,000 + 8,000\ ^ lo i/viiw * ^ 

f 2 j X 1 414 =* 19,100 lb., tension 

The minimum stress m BCy DCy and Fg is 

/6,000 + 3,000\ ^ . 

( 2 / ^ ^ ^ 6,400 lb , tension 

The maximum and minimum stresses (tension) in aB, cDy eF^ 


and gH 

are as folows: 



Member 

Stress, 

IN Pounds 



Maximum 

Minimum 


aB 

176,600 X 1 414 == 248,200 

58,600 X 1 414 = 

82,700 

cD 

126,400 X 1 414 = 177,300 

36,600 X 1 414 =. 

61,800 

eF 

80,400 X 1 414 = 118,700 

9,600 X 1 414 = 

13,600 

gH 

40.600 X 1.414 = 67,300 

4,600 X 1 414 = 

6,400 


The maximum and minimum stresses (tension) in ^ C DEy FGy 
and G H are as follows* 


Member Maximum Stress, in Pounds 

B C (176,600 - 27,000 + 13,600) X 1 414 = 229,100 

DE (126,400 - 27,000 + 13,600) X 1.414 = 168,200 

FG (80,400 - 27,000 + 13,600) X 1 414 = 94,600 

GH (22,600 + 4,600) XI 414 = 38,200 

Member Minimum Stress, in Pounds 

B C (68,600 - 9,000 + 4,600) X 1.414 = 76,400 

DE (36,600 - 9,000 + 4,600) X 1 414 = 46,400 

FG (9,600 - 9,000 + 4,600) X 1.414 = 7,200 
GH 0 


The maximum and minimum stresses (compression) in Cc^ Ecy 
and Gg are as follows: 

Member Stress, in Pounds 

Maximum Minimum 


Cc 162,000 - 3,000 = 169,000 64,000 - 3,000 = 61,000 

Ee 111,900 - 3,000 = 108,900 82,100 - 3,000 = 29,100 

Gg 66.900 - 3,000 = 63,900 4,600 + 6,000 + 4,600 == 16,000 

The maximum and minimum stresses are given in Fig. 37, the 

former above and the latter below the lines. 


EXAMPLE FOR PHACTICE 

Let Fig. 34 {a) be a twelve-panel through Baltimore truss having 
a span length of 216 feet and a height of 36 feet. If the dead load is 
1,200 pounds, of which two-thirds is applied at the loaded chord, and 
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the live load is 2,200 pounds, per linear foot of bridge, find the maxi- 
mum and minimum combined stresses {a) m CE, cd, and fg\ (d) in 
D d and B c\ (c) \xi B C, C £>, and E F, {d) meF^ E e, and Gg^ 


Ans. 


Panel 

Stress, in Pounds 
Maximum Minimum 

CE 

-1-244,800 

-h 86,400 

cd 

- 168,800 

-69,400 

% 

- 260,100 

-91,800 

- 27,000 

- 7,200 

Be 

-h 21,600 

-f 7,600 

BC 

+ 216,300 

-i- 76,400 

CD 

- 136,800 

- 38,800 

EF 

- 66,600 

- 7,600 

eF 

+ 21,600 

- 8,100 

Ee 

H- 60,800 

-h 9,000 

,Gg 

H- 22,900 

-i- 3,600 


THE FINK AND THE BODDMAN TRUSS 

86. Fig. 38 shows the Fink trass, which has been used 
to some extent for bridge purposes in the past, and is at 
present employed in a modified form for roof trusses The 
analysis of stresses in it should present no difficulty; the 
method of joints is best adapted to this case. The stress in 
each short vertical is evidently equal to the panel load at its 
upper joint. The vertical component of the stress m a short 


ABC I> B b" o' b' a' 



diagonal, such as Cdy is equal to one-half the sum of the 
loads at the joints D and d. The stress in the vertical is 
equal to the sum of the vertical components of the stresses 
in bC and Cd, and the load at C, etc. The maximum chord 
stresses obtain when there is a full load; under this condition 
the horizontal components in b Cy d Ey and d O are equal, 
respectively, to those in Cdy Edy and O Vy and the com- 
pression in the top chord is constant from A to and equal 
to the horizontal component of the stress in A b. 
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86. The Bollman truss, shown in Fig. 39 (a), has 
been used to some extent for bridge purposes m the past» 
but is now practically obsolete The load that came on the 
lower joint of a vertical was carried directly to the ends of 
the top chord by the two diagonals, shown in full lines, that 
meet at the bottom of the vertical. The bottom chord and 


A B C B B C' 




the dotted diagonals are superfluous members, and were put 
in to stiffen the truss As shown in Fig 39 {b), the vertical 
components of the stresses in the mam diagonals are equal, 
respectively, to the reactions due to the load that comes to 
the intersection of any pair. The stress in the top chord 
is compression, and is equal to the sum of the horizontal 
components of the stresses in all the main diagonals at one 
end of the truss. 



STRESSES IN BRIDGE TRUSSES 

(PART 3) 


CURVED- AND INCLINED-CHOBD 
TRUSSES 


INTRODUCTORY AND GENERAD CONSIDERATIONS 

1. Description. — All the trusses analyzed m Stresses in 
Bridge Trusses, Part 2, have parallel chords. As explained 
m Part 1, parallel-chord trusses are used for the shorter spans 
to which trusses are adapted, for the longer spans, curved- 
or inclined-chord trusses are more economical In a curved- 
chord truss, the inclination of the curved chord changes at 
every panel point; in an inclined-chord truss, the inclina- 
tion is constant from the center toward the end In through 
bridges, the upper chord is curved or inclined, while in deck 
bridges, the lower, and in some bridges, both chords, are 
curved or inclined A length of one or two panels of 
the curved chord near the center of the truss is sometimes 
horizontal 

2. Stresses In Inclined Members. — In calculating the 
stress in an inclined member, it is convenient to find first 
the vertical or horizontal component, and calculate the stress 
from It. The problem frequently arises, therefore, of calcu- 
lating a stress from one of its components, or one component 
from the other, for this reason, the relations between a 
stress and its components, and between the components are 
restated. They are: 
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S XsQcII; S = y CSC H; X = V cot H; Y = X tan H 
in which 5 = stress; 

ff = angle that line of action of stress makes with 
horizontal, 

X = horizontal component of stress, 
y = vertical component of stress. 

The method of sections and the method by the stress 
diagram are most useful in finding the stresses in inclined- 
chord trusses, and they will be used in what follows. The 
method of joints usually requires more work than either 
of the other two methods, and will not be used except in 
special cases. 

3, Illustrative Example. — To illustrate the general 
method of calculating stresses, it will be well to consider a 
special case, such as the single-system curved-chord truss 
represented in Fig 1 (a). If it is desired to find the stress 



in the members a ad^ and c dy the truss may be considered 
cut by the plane of section Pq, and the part to the left of 
this section treated as a free hody. Then the stress in the 
lower-chord member cd is equal to the moment about a of 
all the other forces acting on the part of the truss to the 
left otpq divided by the height of the truss at the point a. 
The stress in the upper-chord member ad is equal to the 
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bending moment at d divided by the perpendicular distance 
from d to a b, in this case, it is more convenient to con- 
sider the stress in a ^ resolved into its vertical and hori- 
zontal components iTj, and S, at the point b, as represented 
in Fig 1 (^). The moment of Sy about d is equal to zero; 
then, Sx is equal to the bending moment at the point d 
divided by the height of the truss at the point d, and ^ is 
equal to S, sec H. 

The stress in the web member ad may be found by the 
method of shears or by the method of moments. As the 
chord member ai is inclined, the vertical component of 
the stress in a is not equal to the shear on section p g, but is 
equal to the algebraic sum of the shear and the vertical com- 
ponent of the stress in a ^ due to the same loading. To find 
the stress in a by the method of moments, it is convenient 
to consider it resolved at the point d into its vertical and 
horizontal components 5/ and 5,', respectively, as repre- 
sented in Fig 1 (c ) . Then, if moments are taken about the 
point e, the intersection ot a b and cd, the moment of S',' 
about e is equal to zero; Sy' is equal to the moment about a 
of all the other forces acting on the part of the truss to 
the left of section p q, divided by the distance from d to e\ 
and S’ is equal to SJ esc H'. 


THE OUBVED-CHORD TRUSS 

4. Description.— Fig. 2 (a) represents the ordinary 
type of curved-chord truss as used in a through bridge. 
The members are similar to the corresponding members of 
the Pratt truss, except that in this case the upper chord is 
curved. This truss is sometimes spoken of as the curved- 
chord Pratt truss. The method of determining the 
stresses wiU be illustrated by considenng the eight-panel 
curved-chord truss represented in Fig. 2 (a). The dead 
load, all of which will be assumed to be applied at the joints 
of the loaded chord, is 800 pounds, and the live load 1,800 
pounds per linear foot of bridge. The lengths of all the 
inclined members are shown in Fig. 2 {b). 




Ftg 
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The dead panel load for one truss is 

800 X 17 6 ^ 7 QQQ pounds, 

a 

and each dead-load reaction is equal to 

7,000 X 7 ^ 24,600 pounds 
2 

The live panel load for one truss is 

1,800 X 17.6 iKrrrn J 
= 15,760 pounds, 

and each reaction for full live load is equal to 

16,760 X 7 CK ion j 
’ = 55,120 pounds 

2 

ANAXYTIC METHOD 

5. Cliord Stresses. — The maximum chord stresses 
obtain when there is a full live load on the truss, the mini- 
mum, when there is no live load To find the stress m any 
chord member, such as C D or cd. Fig. 2 [a), the truss 
may be considered cut by a plane at the section p, and the 
left-hand part treated as a free body, as represented in 
Fig. 2 ( it ), the forces S:, represent the stresses in 

CDx Cd, and cd, respectively. Then, ^3 is equal to the 
moment about the point C of all the other forces acting on 
this part of the truss, divided by the height at c. There- 
fore, for dead load alone, 

^ (24,600 X 2 - 7,000 X 1) X 17 5 ^ _ gg^^QQ pounds. 
22 

using the minus sign to indicate tension. 

The force may be considered replaced by its compo- 
nents Sy and Sx at 2?, Fig 2 (d). The moment of Sy about d 
is equal to zero; Sx is equal to the bending moment at d 
divided by the height at d Therefore, for dead load alone, 
_ [24,600 X 3 - 7,^ (2 + 1)] X 17 6 _ 

24 

For CD^ the angle == DCK^ Fig. 2 (^), and 

= S.secDCUr = S,X^ = 38.300 X ^ 

CK 17.0 

= + 38,600 pounds 
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In like manner, the stress in any chord member may be 
found. 

If the truss is considered cut by au oblique plane that 
intersects two chord members and a vertical, and the part 
to the left of the section is considered as a free body, as 
represented in Fig. 2 (e ) , it will be seen that the only hori- 
zontal forces acting on this part are the stress in erf and 
the horizontal component of the stress in B C. Therefore, 
these two forces are numerically equal. In like manner, it 
may be shown that the stress in rfe is numerically equal to 
the horizontal component of the stress m CD 

The dead-load chord stresses are the minimum chord 
stresses. They are as follows, expressed in pounds: 

Stress in a ^ and d c, 

^^4,600 X 1) X 17.6 _ __ 2g 3QQ 
18 

Stress in cd, 

(24,500 X 2 — 7,000 X 1) X 1^^ _ gg 4(X) 

22 

Stress in de, 

[24,500 X 3 — 7,000 x(2-|-l)]xl7.6_ gg gQQ 

24 

Stress in B C, 


33,400 X 


Stress in CD, 


38,300 X 


17.95 

17.5 

17.61 

17.5 


= +34,300 


= +38,600 


Stress in D E, 

[24,500 X 4 - 7,000 X (3 + 2 + 1)] X 17.5 17.53 

25 17.5 


= + 89,300 


The live-load chord stresses are found from the above by 
multiplying them by or f. They are as follows: 


MSMBBR 

ab,bc 

cd 

de 


Strbss, 
nr Pounds 

- 53,600 

- 75,200 

- 86,200 


Mbmbbr 

BC 

CD 

DE 


Strbss, 
IN Pounds 

+ 77,200 
+ 86,600 
+ 88,400 



STRESSES IN BRIDGE TRUSSES 


7 


The maxiinum chord stresses are found by adding the 
dead- and live-load chord stresses. They are as follows: 


Maximum 
Mbmbbr Strbss> 

IN Pounds 

ab,b€ - 77,400 

cd - 108,600 

de - 124,600 


Maximum 
Member Stress, 
IN Pounds 

BC +111,500 

CD + 126,100 

DE + 127,700 


6. Web Stresses In General. — The web stresses may 
be found by the method of shears or by the method of 
moments. Both methods will be explained; but, for the 
actual determination of stresses, the shorter method will be 
used in each case. 

Method of Shears . — Applying the equation 2' K = 2' 5 sm 
H — 0 \.o the forces acting on the part of the truss repre- 
sented in Fig. 2 (r), we have 

sin H, - S. sin H. = 0; 

whence 

5. sin H, = E,' ^W'-W'-S. sin H, (1) 

Likewise, applying the same equation to the part shown 
in Fig 2 (<?), 

y y = E/ - IV' - IV' - S, sin ^4 - 5. = 0; 

whence 

5. = E/ -JV'--1V'-S, sin I/, (2) 

In equations (1) and (2), E^ — W' — W' is the shear on ‘ 
section p and on section q\ Sx sin Hx and 5* sin H^, are the 
vertical components of the stresses in CD and B C, respect- 
ively; 5a sin is the vertical component of the stress in 
the diagonal C d\ and 5. is the stress in the vertical Cc. 
Then, the vertical component of the stress in any intermediate 
diagonal^ and the stress in any intermediate vertical^ of a curved- 
chord truss IS equal to the algebraic sum of the shear on the 
plane of section that intersects the web member under consideration 
and two chord members ^ and the vertical component of the stress 
in the inclined chord member intersected by the plane The 
chord stress referred to is that which obtams for the same 
loading that causes the desired web stress. 

I LT 334—13 
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Method of Moments — To find the stress in by the 
method of moments, the equation ^ M =0 is applied to 
the forces acting on the part of the tiuss lepresented in 
Fig 2 {c), taking for the center of moments the point 
of intersection z, of the lines of action of and S-,, The 
work may be shortened by assuming that is leplaced at the 
point d by its vertical and honzontal components Sy and 
respectively, as represented in Fig 2 (/). The moments of 
5a, and Sx about Zi are each equal to zero, then, Sy is 
equal to the moment about Zj of all the external forces act- 
ing on the part shown, divided by the distance from d to z. 
This distance is calculated as follows CD slopes 2 feet 
vertical in one panel, or in 17 5 feet horizontal; then, since 
the height of the truss at D is 24 feet, the point of inter- 
section of the lines of action of S, and 5a is 24-2 
= 12 panel lengths to the left oi Dd Then, z, is 11 
X 17.5 feet to the left of c, 10 X 17.5 feet to the left of b, 
and 9 X 17.5 feet to the left of a Applying the equation 
- M = 0, we have 

X 9 - X 10 - X 11) X 17.6 
- 5, X 12 X 17.5 = 0, 

whence 

O ^ U/ X9-JV' X 10 -W ' X 11) X 17.6 
12 X 17.5 


^ X 9-W^x( 104- 11) 

12 

and 5a = Sy esc 

To find the stress in Cc by the method of moments, the 
equation I M = 0 is applied to all the forces acting on the 
part of the truss represented in Fig 2 {e), the center of 
moments being taken at the intersection of and rrf 
produced; i, is found to be 3.6 X 17 6 feet to the left of «. 
Applying the equation = Q, we have 

= {RJ x3.5-lV/x4 5^ IV,> x 6.5) X 17.6 
- 5.x 6 6x 176 = 0, 

5. = f^.'(4 6 + 6 6) 

6.5 


whence 
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From the foregoing, the following general principle may 
be stated. 

The vertical component of the stress in an intermediate diag- 
onal^ or the stress in an intermediate vei'tical of a curved-chord 
truss IS equal to the moment of the external forces on the left of 
the plane of section that cuts the web member and two chord 
members^ about the point of intersection of the chotd members cut 
by the plane^ divided by the distance from this intersection to 
that of the web member under consideration with the horizontal 
chord, 

7. The method of moments is especially useful in the 
calculation of the maximum live-load stresses, as the left 
reaction is then usually the only external force to the left of 
the section. The method of shears is best suited to the 
calculation of the dead-load stresses, as the horizontal com- 
ponents of the chord stresses are usually known before the 
stresses in the web members are found, and the vertical 
components may be found from them 

8. Dead-Iioad Web Stresses. — The dead-load web 
stresses will be found by the method of shears. The 



members in action, and the loads and reactions, are shown 
in Pig. 3. The shears are as follows: 


Panel 

Shear, 

IN Pounds 

Panel 

Sbbak, 
nsr Pounds 

a b 

+ 24,500 

cd 

+ 10,500 

be 

+ 17,500 

de 

+ 3,600 



ed^ 

- 3,600 
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The vertical components of the choini stresses are found 
from the horizontal components given m Art. 6. They are 
as follows: 


Member 

Vertical Component of 
Stress, in Pounds 

BC 

33,400 

= 7,600 

CD 

38,300 X 

= 4,400 

DE 

39,200 X ~ 

= 2,200 


Then, the vertical components of the stresses in the main 
diagonals are as follows: 


Mbmbbr 

aB 

Be 

Cd 

De 


Vertical Component, 
IN Pounds 

24,600 

17,500 - 7,600 = 9,900 

10,600 - 4,400 = 6,100 

3,600 - 2,200 = 1,300 


The actual stresses in the mam diagonals are, therefore: 


Member 

Stress, in Pounds 

aB 

24,600 X 

26.10 

18 

+ 34,200 

Be 

9,900 X 

25.10 _ 
18 

- 13,800 

Cd 

6,100 X 

28.11 _ 
22 

- 7,800 

De 

1,300 X 

29 70 

24 

- 1,600 


The stresses in the verticals are as follows: 

Member Stress, nr Pounds 

Bb W= - 7,000 

Cc 10,600 - 7,600 = + 2,900 

Dd 3,600 - 4,400 900 

Be 2,200 + 2,200 =- 4,400 

The stress in Dd is tension, because the vertical compo- 
nent of the stress in CD, which acts downwards on the 



§69 


STRESSES IN BRIDGE TRUSSES 


11 


part of the truss to the left of section r, Figf. 3, is greater 
than the shear on section r; therefore, the stress in Ddmust 
act upwards from the joint and is tension. The stress in 
Be is equal to the sum of the vertical components of the 
stresses in DB and BD^y both of which act upwards at the 
joint B; therefore, the stress in Be must act downwards 
from By and is tension, 

9, Counters. — When the counter dB is in action, the 
members that are in action are shown in Fig. 4, the mam 
diagonal £>e is omitted from the diagram, as its stress is 
then zero. For purposes that will be explained later, it will 
be convenient here to find the dead-load stresses that would 
occur in the counter dB and the verticals Dd and Bey if the 
main diagonal De were omitted when there is no live load 



Fig 4 


on the truss. The vertical component of the stress m dB is 
then equal to the algebraic sum of the shear m panel de and 
the vertical component of the stress in D B. The horizontal 
component of the stress in Z? ^ under these conditions is 
equal to the moment at d divided by the height at d\ this is 
the same as the horizontal component of the stress in CD 
found in Art. 5, or 38,300 pounds. Then, the vertical com- 
ponent of the stress in D By under these conditions, is 
equal to 

38,300 X = 2,190 pounds 


The shear in panel de is 3,600 pounds; therefore, the 
vertical component of the stress in dE is 3,600 — 2,190 
= 1,310 pounds; and the stress in is 


1,310 X 


30.52 


+ 1,600 pounds 


25 
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The stress mDd is equal to the algebraic sum of the verti- 
cal components in CD and DE) therefore, the stress in Z? a? is 

38,300 X ^ - 38.300 X ^ = - 2,190 pounds 

The stress in Ee is equal to the algebraic sum of the shear 
on section s and the vertical component of the stress in O' E. 
The shear on the section j is -|- 3,500 pounds, the vertical 
component of the compression in D' E is 2,200 pounds 
(see Art 8) Then, the stress in Ee is 3,600 -|- 2,200 
_ 6,700 pounds 

When the counter a Z> is in action, the members that are m 
action are shown in Fig 5; the main diagonals Cd and De 
are omitted, as the stresses in them are then zero. It will 
be convenient here to find the dead-load stresses that would 



Fig 6 

occur in the counter c D and in the verticals Cc and Dd^ if 
the mam diagonals were omitted when there is no live load 
on the truss. The vertical component of the stress in is 
equal to the algebraic sum of the shear in panel cd and the 
vertical component of the stress in CD, The center of 
moments for CZ> is now and the horizontal component of 
the stress in CD equal to the horizontal component of the 
stress in ZC as found in Art. 6, or 33,400 pounds Then, 
the vertical component in CD equal to 

33,400 X 71 ^ = 3,800 pounds 
1 / 0 

The shear in the panel is 10,600 pounds; therefore, the 
vertical component of the stress in is 10,600- 3,800 
= 6,700 pounds, and the stress in cD is 

6,700 X = + 8,300 pounds 
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The stress in is equal to the algebraic sum of the ver- 
tical components in ^ C and CD, that is, the stress in Cc is 

33,400 X — 33,400 X = — 3,800 pounds 

The stress mD d equal to the algebraic sum of the shear 
on section and the vertical component of the stress in D E 
The vertical component of the stress in is 2,190 pounds 
The shear on section s' is 10,500 pounds, therefore, the 
stress in Dd IS 10,500 — 2,190 = — 8,310 pounds. 

It must be understood that the compressive stresses in the 
coimteis given above do not ideally exist for any loading; they 
aie the amounts by which the live-load tensions in these mem- 
bers must be reduced in order to get the actual tensions in the 
counters. If the live-load tension in any counter is less 
numerically than the dead-load compression, that means that 
the counter is not required. 

10. Live-Xjoacl Web Stresses. — The positions of live 
load that cause maximum web stresses are in general the 
same as in the Pratt truss. 

For example, the maximum stresses \n Cd and Cc^ Fig 6, 



occur when all joints from d to V are loaded, the maximum 
stresses in De and Dd occur when all joints from e to b' are 
loaded; etc. 

The hve-load web stresses will now be found. The max- 
imum live-load stress in a B is equal to the shear in panel 
a b multiplied by esc H, or 

16,750 Xi X CSC = 65,120 X = + 76,900 pounds. 

The maximum live-load stress in .5(5 is a live panel load, 
or — 15,760 pounds. The method of moments will be used 
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in calculating the remaining web stresses. The distances to 
the points of intersection of the various upper-chord members 
with the lower chord are as follows: 

For B Cf S 5 panels to the left of a. 

For CDt 9 panels to the left of a. 

For D£, 21 panels to the left of a. 

For 21 panels to the right of a'. 

For D' C, 9 panels to the right of a^. 

For the member Bcy section Fig. 6, with loads from c 
to b\ the center of moments is 3.5 panels to the left of a. 
Under this condition of loading, 

„ ^ 16,760 X(l + 2 + 3 + 4 + 6 + 6)^ ^^ 30^ 

O 

and the stress in is 

X = 26,300 X = - 36,700 pounds 
5 6 * 18 18 

For the member Cc, section with loads from d to the 

center of moments is 3 6 panels to the left of a. Here, 


RJ* = 


16,760 X (1 + 2 + 3 + 4 + 5) 


= 29,500 pounds 


and the stress in is 

29,600 X 3.6 ^ jg gQQ 
6 5 

For the member Cd, section p, with loads from d to V, 
the center of moments is nine panels to the left of o, and 
R^" = 29,500 pounds. Then, the stress in Cd is 

29,600 X 9 ^ 2^ ^ 22,100 X = - 28,200 pounds 

For the member Dd, section p', with loads from e to b', 
the center of moments is nine panels to the left of a, and 
R^" = 19,700 pounds. Then, the stress in is 

19,700 X 9 , onn j 

„ = + 14,800 pounds 

For the member De^ section with loads from c to 
the center of moments is twenty-one panels to the left of a, 
and Rx^^ = 19,700 pounds. Then, the stress in is 


= + 14,800 pounds 


19,700 X 21 ,, 29 70 ^ 29 70 

26 = 


= — 20,400 pounds 
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For the member Ee, the stress is a maximum whan Zhe 
loads extend from to V and the counter E d' is in action. 
Then (section ^')i the center of moments is twenty-one 
panels to the left of a, = 11,800 pounds; and, therefore, 
the stress m Ee 

11,800 X 21 _ 9 gpQ pounds 

25 

For the counter Ed', section r, with loads from d' to b', 
the center of moments is twenty-one panels to the right of a', 
that IS, twenty-nine panels to the right of a\ Rx" = 11,800 
pounds, and the stress in Ed' is 

11,800 X 29 ^ 30^ ^ 3QQ ^ 3^ ^ 

24 25 25 

For the counter E'd, section s, with loads at d and b', 
the center of moments is nine panels to the right of a', 
that is, seventeen panels to the right of a; Rx" = 5,900 
pounds; and the stress m jy d 

6,900 X 17 ^ 2^ ^ _ jj 399 
11 24 

11 • Maximum Web Stresses. — Combining the maxi- 
mum live-load stresses with the dead-load stresses, the 
following results are obtained* 


Member 

Dead-Load Stress 

aB 

+ 34.200 

Bb 

— 

7,000 

Be 

-- 

i3i8oo 

Cc 

+ 

2,900 

Cd 

— 

7,800 

Dd 

— 

900 

De 

— 

1,600 

Ee 

— 

5,700 

dE ox Ed' 

+ 

1,600 

cD ox ly d 

+ 

8,300 


Maximum 

Combined 

Live-Load Stress 

Maximum Stress 

+ 76,900 

-f 111,100 

— 15,800 

— 

22,800 

— 36,700 

— 

50,500 

-|- 18,800 

+ 

21,700 

— 28,200 

- 

36,000 

14,800 

+ 

13,900 

— 20,400 

— 

22,000 

+ 9.900 

-1- 

4,200 

“ 17,500 

— 

15.900 

— 11,300 

— 

3.000 
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resulting combined stresses m ^ snd c sre ten™ 
Sion, both these counters are required The dead-load stress 
given for Ee is the stress found on the supposition that the 
main diagonal in panel de or d' e is omitted from the truss. 
As the mam diagonal is out of action for the loading causing 
the maximum live-load stress in Ee, the dead-load value 
given in the table is the one' to use in obtaining the 
combined stress 

12. Minimum Web Sti-esses. — The minimum stress in 
the end post a 5 is equal to the dead-load stress of 34,200 
pounds, compression For the minimum stress in Be, the 
joint b should be loaded. The center of moments for B c, as 
before, is 3 5 panels to the left of a; the live-load reaction 
for the load at b is 

„ ^ 15,760 X 7 ^ 13,800 pounds 
8 

and the live-load stress in is 

13,800 X 3.6 - 15,750 X 4.5 ^ 2^ _ _ . inn v 26.1 
5 6 ^18 ’ 18 

= — 5,700 pounds 

In writing this equation, the stress m Be was assumed as 
tension; the negative sign of the result indicates that the 
live load tends to cause compression in Be, The dead-load 
stress m Be is 13,800 pounds, tension; therefore, the actual 
stress in Beiot this loading is 13,800 — 5,700 = 8,100 pounds 
tension, which is the minimum stress in Be. The minimum 
stress in each of the remaining mam diagonals and in the 
counters is zero, when one diagonal in any panel is in action, 
the other is assumed to be idle. 

13. Determination of Panels In Which Counters 
Are Required. — It should be noted that it is not always 
possible, in a curved- or inclined-chord truss, to determine 
directly from the shears the panels m which counters are 
required. In the analysis of the parallel-chord Pratt truss in 
Stresses t7i Bridge Trusses, Part 2, it was explained that 
counters are required only in those panels in which the 
minimum combined shears are of an opposite kind to the 
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maximum. If this rule is applied in the present case, it will 
be seen that the result is not correct. In the panel cd^ for 
example, the maximum shear occurs when all the joints from 
to y are loaded with the live load, and is equal to the sum 
of 10,500 pounds dead, and 29,500 pounds live, or 40,000 
pounds combined positive shear, the minimum shear occurs 
when the joints b and c are loaded, and is equal to 10,600 
pounds dead, and — 6,900 pounds live, or 4,600 pounds com- 
bined positive shear. The minimum shear being of the 
same sign as the maximum, seems to indicate that no counter 
is required, although it was shown in Art. 11 that a counter 
is required in the panel cd. No mistake can be made, how- 
ever, if the minimum stress in each main diagonal is calcu- 
lated: if the mimmum stress comes out tension, no counter 
is required; if it comes out compression, a counter is required. 
For example, if no counter were required in the panel cd^ the 
minimum tension in the main diagonal Cd would occur when 
the joints h and c are loaded with the live load, the left 

reaction being ^ (6 + 7) _ 25,600 pounds. The center 

8 

of moments for Cd is nine panels to the left of a; then the 
live-load stress m Cd would be equal to 

26,600 X 9 - 16,750 X 10 - 15,750 X 11 ^ 28.11 
12 22 
= — 10,700 pounds 

This equation was written assuming the stress in Co? as 
tension; the negative sign of the result indicates that the 
live loads at b and c tend to cause compression in Cd. The 
dead-load stress \n Cd is 7,800 pounds tension. Then, the 
combined stress \n Cd would be equal to 10,700 — 7,800 
= 2,900 pounds, compression; but, as no compression can 
exist in this member, the counter cD is required. 

14. Verticals. — The minimum stress in Bb \s equal to 
a dead panel load, which is 7,000 pounds, tension. The 
minimum stress in each of the other verticals Cc,Dd, 
and Ee occurs when the stress in the diagonal that meets 
the vertical at its upper joint is a minimum, that is, when the 
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two diagonals that meet the vertical at its lower joint are in 
action. For this condition, the stress in the vertical is 
tension, and is equal to the algebraic sum of the vertical 
components of the stresses in the two chord members that 
meet the vertical at its upper joint. As the minimum stress 
is of an opposite kind to the maximum, it is necessary to 
find the maximum tension in the verticals 
The maximum tension in occurs when the diagonals -5^ 
and cD are in action The members of the truss that are 
then in action are shown m Fig. 5. The center of moments 
for both B C and CZ? is at c\ therefore, the horizontal com- 
ponent in each of them is equal to the moment at c divided 
by 22. The tension in is equal to the vertical component 
in BC^ which acts upwards, minus the vertical component 
in CD^ which acts downwards; then, the minimum live-load 
stress m Cc is 

moment at ^ 4 _ moment at 2 

22 17.6 22 ^ 17.6 


moment at c 
22 


X 


2 

17.6 


, tension 


For the maximum live-load tension in Cc, the truss should 
be loaded as fully as possible without bringing the main 
diagonal Cd into action. When there are live loads at b and c, 
the total combined tension in the counter cB is equal to 
3,000 pounds (Art. 11) A live panel load at d would tend 
to cause compression in cD^ that is, decrease this tension by 



10,000 pounds 


As this IS greater than the tension in cD, the live load 
cannot be applied at d, as then the main diagonal Cd would 
be in action. The left reaction for loads at b and c is equal 
to 25,600 pounds. Then, the live-load moment at c is 
(26,600 X 2 - 16.760 X 1) X 17.6 
and the stress in Cc is 

(25,600 X 2 - 16,760 X 1) X 17 5 2 

22 ^ 17.6 
= 3,200 pounds, tension 
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The dead-load stress m Cc when the main diagonal Cd? is 
left out was found in Art. 9, and is 3,800 pounds, tension 
Then, the maximum tension, or minimum stress, in Cc is 
equal to 3,200 -f 3,800 = 7,000 pounds. The reason for 
finding the stresses discussed in Art. 9 is now apparent. 

The maximum tension vsxDd occurs when the diagonals Cd 
and dE are in action. The members of the truss that are m 
action are shown m Pig. 4. The center of moments for CD 
and D E\% at d^ and the horizontal component of the stress 
in each of these members is equal to the moment at d divided 
by 24. The tension m. D d is equal to the vertical component 
of the stress m CD, which acts upwards, minus the vertical 
component of the stress inZ^^, which acts downwards; then, 
the stress m Dd is 

moment at a? 2 _ moment at d ^ 1 

24 17 6 24 17.6 

_ moment at J_ . 

24 17.5’ 

It is evident that, for the maximum live-load tension in D d, 
the truss should be loaded as fully as possible without bring- 
ing the main diagonal De into action. When the live load 
is applied at b,c, and d, the tension indE is 16,900 pounds 
(Art. 11), and it was shown in the preceding paragraph 
that under this loading the main diagonal Cd is in action. 
A live panel load at e decreases the tension in dEhj 

^15,760 X 4 ^ 11^ ^ 3a|2 ^ 

leaving 15,900 — 8,400 = 7,600 pounds, tension, in d£. A 
live load at d' further decreases this tension by 

/15,750 X 3 21\ 8^ ^ 6 300 

V 8 24/ 26 

leaving 7,500 — 6,300 = 1,200 pounds, tension, in.dE. A live 
load at d further decreases this tension by 

/16,760 X 2 ^ 30.52 _ ^ 200 pounds 

V 8 24/26 

As this result is greater than the 1,200 pounds, tension, 
in dE, the mam diagonal De would be in action if the live 
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load extended to c'. The joints, therefore, from b to cP may 
he loaded, and still have the counter dE va. action. Then, 

^ ^ 16,760 X (3 + 4 + 64-6 + 7) ^ gOO pounds 

o 


and the live-load stress in ZP ^ is equal to 

[49,200 X 3 - 15,760 X (2 1)] X 17.6 __1_ 

24 17.5 

= 4,200 pounds, tension 

The dead-load stress m Dd^ when the main diagonal De 
is omitted, was found in Art. 9 to be 2,200 pounds. Then, 
the total maximum tension (minimum stress) in is equal 
to 4,200 + 2,200 = 6,400 pounds 

The maximum tension in Ee occurs when the main 'diag- 
onals De and D^ e are in action. The center of moments for 
both D E and ED^ is at and the horizontal component of 
the stress in each of these members is equal to the moment 
at e divided by 26 The tension m Ee is equal to the sum 
of the vertical component of the stresses in these two mem- 
bers, as both act upwards at the joint E, The stress in Ee 
IS, therefore, 

moment at ^ 1 , moment at f ^ 1 

25 17.6 25 17.5 


moment at ^ 2 


tension 


25 17.5’ 

The maximum moment at e occurs when there is a full 
load on the truss. The live-load stiess in A’*? is, then. 


[66,120 X 4 ~ 16,760 X (3 + 2 + 1)] X 17.5 
26 


X 


17.6 


= 10,100 pounds, tension 

The dead-load stress in Ee, when the main diagonals 
eD and eD' are in action, is equal to 4,400 pounds, tension. 
Then, the total maximum tension inEe is 10,100-^4,400 
= 14,600 pounds. 

In this case, the tension of 14,600 pounds in Ee, found 
under the head of minimum stresses, is numerically greater 
than the compression of 4,200 pounds, found under the head 
of maximum stresses; so that the former is really the maxi- 
mum. In all the verticals, except the hip vertical, the 
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minimum stress is of opposite kind to the maximum, and 
they must be designed to resist both kind? of stress. In a 
longer truss, or in one with different proportions, there 
would probably be more than the hip vertical in which the 
maximum and minimum stresses would be of the same kind. 
For example, if the counter c D were not required, the mini- 
mum compression in Cc would be equal to the algebraic 
sum of the minimum positive shear in the panel c d or on 
the plane of sections q. Fig. 2 (a), and the vertical compo- 
nent of the stress in B C. 

The maximum and minimum stresses are given in Fig. 7, 



the former above and the latter below the lines representing 
the members. 

15. Disti'lbution of Dead Doad. — In case it is desired 
to distribute the dead load between the two chords, one- 
third may be assumed to be applied at the joints of the 
unloaded chord. The stresses in the verticals only will be 
slightly different from what they are when all the dead load 
IS assumed to be applied at the joints of the loaded chord 


GRAPHIC METHOD 

16. Dead-Iioad Stresses. — The stress diagram for 
dead load is represented in Fig 8 {b)\ the truss, numbered 
according to Bow’s notation, is shown in Fig. 8 {a). As 
the truss is symmetrical about the center, and therefore the 
stresses in the corresponding members on the two sides of 
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the center are the same, the stress diagram has been drawn 
for the left end only, although the load line has been laid 
off for the whole truss. The left reaction 1-2 was first laid 
off, then the panel loads 2-3 ^ 3-4 y etc., and finally the nght 
reaction 9-1. The stress diagram was first drawn for the 
joint Uy by drawing 1-10 parallel to a By and parallel 
to a b. The vectors 2-10 and 10-1 give the stresses m a b 
and a By respectively. The diagram for the joint b was then 
drawn by drawing through 3 the line 3-11 parallel to bcy 
and through 10 the line 10-11 parallel to Bb. Next, the dia- 
gram for joint By then that for joint Cy etc. were drawn m 
the manner explained in Graphic Statics. 

The full lines in the stress diagram represent the dead-load 
stresses when the main diagonals are in action; the dotted 
lines represent the dead-load counter stresses. In draw- 
ing the vectors corresponding to the latter, counters were 
assumed in the panels in which they were most likely to be 
needed, and the counter stresses found by assuming that the 
main diagonals m these panels were left out. For example, 
if the main diagonal De is left out, the diagram for joint D 
is 1-14-15^-1] for joint dy 13-4-5-16' -15' -14-13] and for 
joint Ey 1-15'-16'-17-1. If the mam diagonal Cd is left out, 
the diagram for joint C is 1-12-13'— 1] for joint Cy 12-11-3- 
4-14'-13'-12] for joint Z?, 1-13' -14' -15' -1] and for joint dy 
14'-4-5-16'-15'-14'. 

The characters and values of the stresses may be found 
from the stress diagram m the usual way; it is unnecessary 
to tabulate them here, as they are the same as found in the 
preceding articles. 

17. lilve-Doad Chord. Stresses. — As the maximum 
live-load stresses in the chords obtain when there is a full 
live load on the truss, they may be found by multiplying the 
dead-load stresses by the ratio of the live to the dead load, 
or a stress diagram similar to that shown m Fig. 8 (^) may 
be drawn, the dotted lines being omitted 

18. JDlve-Doad Web Stresses. — The maximum live- 
load stress in the end post may be found in the same way as 

ILT 334—14 
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the live-load chord stresses, the maximum live-load stress 
in the hip vertical is tension and equal to a live panel load. 
In order to find the live-load stress in any other web mem- 
ber, it is necessary to consider the loading that causes the 
desired stress in the member, and the members of the truss 
that are in action for that loading. The maximum live-load 
stress in any mam member on the left of the center obtains 
when the joints to the right of that member are loaded; 
the maximum stress in a counter on the left of the center 
obtains when the joints to the left of the member are loaded. 
As will be explained presently, it is more convenient to find 
the maximum stresses in the counters on the nght of the 
center The only external force that acts on the left of 
a web member when the live-load stress in that member is 
greatest is then the left reaction, which can be found most 
easily by calculation. Each member must receive separate 
consideration. . 

The maximum stress in obtains when the truss is 

loaded from to Fig. 9 (a); then, i?/' = 41,300 pounds. 
It is unnecessary in this case to lay off the load line 
for all the external forces acting on the truss; the left 
reaction 1-2 may be laid off. Fig, 9 (^), and the stresses 
in the members that meet at a found by drawing the 
stress diagram for the joint a, as represented in Fig. 9 (^); 
then the stress diagram may be drawn for the joints b 
and B until 11-12^ representing the stress in Bcy is 
found. The maximum stresses in and Cd obtain when 
all the joints from V to d are loaded; then, = 29,600 
pounds. This may be laid off, as shown at 1-2^ Fig. 9 (^), 
and the stress diagram drawn for the joints «, By c, 
and C until 12-13 and 13-I4y representing the stresses in 
Cc and Cdy are found 

As the vectors in Fig 9 (^), as far as point are parallel, 
respectively, to those in Fig. 9 (^), the two figures are 
similar; therefore, 


ill— 12) t _ _ 4 1 8 00, 

( 11 - 12 ), ( 1 - 2 ), 

(11-12), = tiM X (11-12), 


whence 
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This principle is made use of m Figf. 9 (d); the force 1-2, 
representing the left reaction, was laid off arbitrarily equal 
to 10,000 pounds, and the stress diagram drawn in the same 
way as in Fig. 9 (b) until 21-22, representing the minimum 
live-load stress in was found In drawmg the diagram, 
it was assumed that a counter would be required in the 
panel ed^, so the main diagonal ejy was left out; in the 
panel d^ d, the stress diagram was drawn first on the assump- 
tion that the main diagonal d^ C was left out, and then on 
the assumption that the counter D* d was left out. The 
vector 19-20 represents the stress in D d, and 19'-20' repre- 
sents the stress in d^ 0\ the vectors 13^-14^ and 15'-16' were 
drawn in connection with the minimum stresses in the verti- 
cals Cc and Dd, as will be explained later. It is evident 
that, as far as point 12, Fig. 9 (d) is similar to Fig. 9 {b), 
and, as far as point 14, is similar to Fig. 9 (c)] whence 

{11-12), = Um X {ll-12)a 

(13-14) c = iUU X (13-14)^ 

from which it follows that the stress in any member of the 
truss, when there are no loads on the left of the member, 
may be found from Fig. 9 (d), by multiplying the vector that 
represents the stress in the member by the ratio of the left 
reaction for the loading that causes the desired stress to 
10 , 000 . 

The stresses in the various web members due to a left 
reaction of 10,000 pounds are first found by scaling the 
vectors in Fig. 9 (^f). They are as follows: 


Kbubbr 

Stress, 

IN Pounds 

Mbmbbr 

Stress, 
IN Pounds 

Be 

- 8,900 

Ee 

+ 8,400 

Cc 

+ 6,400 

Ed> 

- 14,800 

Cd 

- 9,600 

D'd 

- 19,200 

Dd 

+ 7,600 

d! a 

+ 18,100 

De 

- 10,400 

e>B' 

+ 28,600 

The left 

reactions due to 

the loadings 

that cause 


desired stresses are then found in the same way as in 
Art. 10. They are as follows. 
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Mbmbbk 

• Reaction, in Pounds 

Be 

41,300 

Cc, Cd 

29,600 

Dd, De 

19,700 

Ee, Ed 

11,800 

Ud 

6,900 

d'C> 

15,760 X ^ ^ = 6,900 

o 

dB> 

16,760 X i = 2.000 


Then, the desired stresses in these members are as follows: 


Member 

Maximum 

LrvK-LoAD Stress, 
m Pounds 

Be 

X 8,900 = 

- 36,800 

Cc 

WM X 6,400 = 

+ 18,900 

Cd 

fmS X 9,600 = 

- 28,300 

Dd 

mu X 7,500 = 

+ 14,800 

De 

X 10,400 = 

- 20,600 

Ee 

X 8,400 = 

+ 9,900 

Ed> 

X 14,800 = 

- 17,600 

D>d 

X 19,200 = 

- 11,300 

Member 

Minimum 

Live-Load Stress, 

IN Pounds 

d'C' 

iWy^rX 18,100 = 

+ 10,700 

c'B> 

X 28,600 = 

+ 6,700 


The combined stresses in these members may be found in 
the same way as in Art, 11. 


19. Verticals. — The minimum stresses in and Z? a?, 
and in Cc when a counter is needed in panel cd, as m this 
case, require special consideration. The stress in each case 
is tension, and, as this is of opposite kind to the maximum 
stress, it is necessary to find the maximum live-load tension 
in these verticals, in order to find the minimum stresses. 
For this reason, it is necessary to gfo through the same 
operations as in the analytic method to determine the proper 
loadings. 
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The maximum tension m Ee occurs when the counters dE 
and E are out of action, and the truss is fully loaded, it 
may be found from the vector 16-17 in the stress diagram 
for dead load, Fig. 8 (^), by multiplying the dead-load stress 
in by the ratio of the live to the dead load. 

The maximum tension m Cc occurs when the counter cD 
is in action (if that counter is required), and the truss is 
loaded as fully as possible without bnnging the mam 
diagonal Cd into action. The counter cD m action 
when the joints h and c are loaded, and the stress is evidently 
equal to the stress in d D* when the joints V and d are 
loaded. In Fig. 9 (d)j the vector 19-20 represents the stress 
m dE^ for a reaction of 10,000 pounds, and scales 19,200 
pounds, tension. The left reaction for live loads at and d 
is equal to 

“.’«'X<l + 2)- 5,800p»».ds 

o 

Then, the actual live-load stress is 

iWW X 19,200 = — 11,300 pounds 

From Fig. 8 (^) it may be seen that the dead-load stress 
in (vector 13^-14^), when the mam diagonal Cd is out of 
action, is equal to 8,300 pounds, compression. Then, the 
combined stress in cD, when there are live loads at b and c, is 
equal to 11,300 — 8,300 = 3,000 pounds, tension. To find 
whether or not a load at d will bring the mam diagonal Cd 
mto action, the vector 13^-14\ Fig. 9 (d), representing the 
stress me By may be considered; this scales 10,200 pounds 
compression for a left reaction of 10,000 pounds. The left 
reaction due to a live panel load at d is equal to 

16,760 X 6 Q ^ 

= 9,800 pounds 

o 

Then, the actual stress mcD due to the live load at d is 
equal to 

"AWct X 10,200 = + 10,000 pounds 

This is greater than the tension in cDy which means that, 
with live loads at by c, and dy the counter c D will be out of 
action. Therefore, the maximum tension mCc obtams when 
the live load is applied at b and Cy and, for a reaction of 
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10,000 pounds, is given by the vector 20-21 (6,400 pounds), 
Fig. 9 {d). The actual stress in Cc due to the live load 
at b and c is then equal to 

X 6,400 = - 3,200 pounds 

The dead-load stress in Cc, when the mam diagonal Cdis 
left out, is given m Fig. 8 (b) as 3,800 pounds, tension. 
Then, the combined tension in Ct is equal to 3,200 + 3,800 
= 7,000 pounds, which is the minimum stress in Cc, 

The maximum tension in occurs when the diagonals Cd 
and dE are in action, and the truss is loaded as fully as 
possible without bringing the main diagonal Dc into action. 
The maximum live-load tension m dE occurs when the 
joints b, c, and d are loaded. It was shown in the precedmg 
paragraphs that under this loading the main diagonal dC is 
in action. The stress m dE due to loads on the left is 
evidently the same as the stress in d^ E due to loads on the 
right. In Fig. 9 (d), the stress in d' E is represented by 
the vector 17 - 18 , which is 14,800 pounds, tension; the left 
reaction for loads at i/, d, and d^ is equal to 

16,760 X (1 + 2 + 8U 11,800 pomd. 

and the actual live-load stress is 

0- 8 ^ 0 X 14,800 = — 17,600 pounds 
From Fig. 8 {b), the dead-load stress in dE when the main 
diagonal Dc is left out is equal to 1,600 pounds, compression 
(vector 15^-16^), Then, the combined stress in dE when 
there are live loads at b,€, and d is equal to 17,600 — 1,600 
= 16,900 pounds, tension. 

It remains to be seen how many joints to the right ot dE 
can be loaded without brmging the mam diagonal De into 
action. This can best be determined by considenng the vec- 
tor 15^-16^ representing the stress in dE, Fig. ^ {d). A left 
reaction of 10,000 pounds causes a compression in dE equal 
to 10,600 pounds, then, a reaction of 15,000 pounds will cause 
a compression in equal to 16,900 pounds, which is the 
numerical value of the combined tension just found. There- 
fore, if the left reaction due to live loads at e, d\ d , etc. is 
less than 16,000 pounds, the counter dE will be m action; if 
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greater, the main diagonal De will be m action The left 
reaction for a live panel load at e is equal to 
16,760^ = 7,900 pounds 

For loads at e and it is 

16,760 X (3 + 4) ^ j 3 _gQQ pounds 

8 

For loads at and it is 
o 

From which it will be seen that live loads may be placed 
at the ]omts e and d', in addition to those at b, c, and d, with- 
out bringing the main diagonal De mto action. 

The actual live-load tension in B d may be found by draw- 
ing a stress diagram, Fig. 9 {e), of the truss as far as joint D 
for loads at b, c, d, e, and d'. The vector ti-15', equal to 
4,200 pounds tension, is the stress in Dd, which may also be 
found, from Fig. 9 (d), by considering first the tension due 
to loads at b, c, and d, and then the tension due to loads at e 
and tP. The former is evidently equal to the vector IH-in' 
(2,100 pounds) multiplied by the ratio of the left reaction 
due to loads at IP, d, and d' to 10,000; the latter to vector 
14-15' (1,200 pounds), multiplied by the ratio of the left 
reaction due to loads at e and d' to 10,000. They are, 
respectively, equal to 


HW X 2,100 = 2,600 pounds, 
and UiU X 1,200 = 1,700 pounds 

The dead-load tension in Dd when the main diagonal 
De is left out is equal to 2,200 pounds [vector 14—15', 

Pig- 8 {<5)]. Then, the maximum combined tension in D d 
IS equal to 


2,600 + 1,700 + 2,200 = 4,200 + 2,200 
which is the minimum stress in D d. 


6,400 pounds, 


20. Comparison of MetHods.-It will be seen, from 
the application of the analytic and graphic methods to the 
preceding example, that the same course of reasoning is 
quired m both, and the same amount of work required in 
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combining: the stresses. The actual determination of the 
stresses is somewhat shorter by the gfraphic than by the 
analytic method, and the results are sufficiently accurate for 
all practical purposes. 

OTHER FORMS OF THE CURVED-CHORD TRUSS 

21. The Deck Truss. — The method of calculatinfi: the 
stresses in the members of a deck truss with curved lower 
chord, such as that represented in Fig. 10, is, in general, the 



same as for the through truss. The principal difference is 
due to the fact that the minimum stresses in the verticals, as 
well as the maximum, are compression. The maximum com- 
pression in any vertical on the left of the center is equal either 
to the algebraic sum of the maximum positive shear on the 
plane of section that intersects such member and two chord 
members, and the vertical component of the stress in the 
inclined-chord member for the same loading, or to the sum 
of a dead and a live panel load, whichever is the greater. It 



is evident that the maximum compression in a vertical can- 
not be less than the panel load supported at its upper joint. 
In a similar manner, the minimum compression is equal to 
the algebraic sum of the minimum positive shear on the 
section and the vertical component of the stress in the 
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inclined-chord member for the same loading, if the algebraic 
sum IS greater than a dead panel Joad; if less, the minimum 
compression is equal to a dead panel load. 

22. Odd Number of Panels. — When a curved-chord 
truss has an odd number of panels, as in Fig. 11, the chords 
in the center panel are made parallel, and the stresses in the 
members in that panel are found in the same way as for 
parallel-chord trusses. 


EXAJtfPJOES FOR PRACTICE 


1 Fig 10 represents a deck truss with dimensions as shown The 
dead panel load is 7,000, and the live panel load, 15,760 pounds. 
Assuming that all the dead load is applied at the joints of the 
loaded chord, find the maximum and minimum combined stresses 
in ^ ^ and c C. 


Ans. 


Mb&cbbr 

bB 

cC 


StreSvS, in Pounds 
Maximum Minimum 
H- 61,000 -h 19,000 
^ 47,600 -f 10,600 


2 Fig 11 represents a curved-chord through truss with dimensions 
as shown The dead load is 1,600, and the live load, 2,800, pounds 
per linear foot of bridge, one-half being earned by each truss Deter- 
mine the maximum stresses m the mam diagonals and counters in the 
panels in which counters are required 


Ans < 


Member 

De 

dE 


Maximum Stress, 
IN Pounds 

- 48,200 
-26,600 

- 37,400 


THE INCIjINBD-CHORD TRUSS 

28. Desorlptlon.-Pigs. 12 and 13 represent the type 
of inclin^chord truss most frequently used for bridge pur- 
poses W^en the truss has an even number of panels ^the 
inclined chord is usually made straight from the center of 
toe trass to the first panel pomt from the end. When there 
« an odd number of panels, the center chord Tember 
made horizontal, and the rest of the chord inclinS^ t' 
some cases, when there is an even number of paLls the 
tw. Chord m.»b,r. i. a. „ ,ho o,h..rT. ial 
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horizontal, as represented 
by the dotted lines EE^ 



in Figs. 12 and 13. 



24. Method of Cal- 
culation. — The general 
method of analysis is the 
same as for the curved- 
chord truss. The actual 
calculation is somewhat 
simpler, because the in- 
clined chord has the same 
inclination in the different 
panels; there is, there- 
fore, but one intersection 
of the top and bottom 
chords to be considered 


c 


in finding web stresses by 
the method of moments. 



In all the trusses analyzed 
in the preceding pages, 
the diagonals that slope 
upwards from the center 
toward the end have been 


called the mam diagonals, and have been 
in tension for a full live load, or for no 
live load In the inclined-chord truss, it 
frequently happens that, under one of these 
conditions of loading, the vertical com- 
ponent of the stress in an mclined-chord 
member near the center is numerically 
greater than the shear in the panel, in 
which case the diagonal that slopes up- 
wards from the center toward the end is 
out of action and there is tension m the 
other diagonal; this will be illustrated 
presently by an example. In such a truss, 
the diagonal that slopes downwards from 
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the center toward the end in that panel is called the mam 
diagonal, and the other the counter. It is necessary to find 
which diagonal is in action in each panel before the chord 
stresses can be found; this can be determined very readily 
by assuming that the stress m either diagonal is tension and 
writmg the expression for the value of the vertical component 
of the stress in that diagonal, taking moments about the inter- 
section of the two chord members produced. If the vertical 
component comes out positive, the assumed diagonal is in 
action, if negative, the other diagonal is in action. As in 
the curved-chord truss, the panels in which counters are 
required cannot be determined directly from the shears. 
If the maximum and minimum combined stresses in any 
diagonal are found to be tension, no counter is required in 
that panel; if the maximum is found to be tension and the 
minimum compression, a counter is required. It is only 
necessary to calculate the minimum stresses in the diagonals 
from the end up to the first panel in which a counter is required; 
a counter is required m all panels from this up to the center 
and the minimum stresses in the diagonals in these panels 
are all zero. The verticals require special consideration. 

25. Tlirough. Truss.— Fig. 12 represents a through 
truss. The stress m the hip vertical is evidently tension 
and is equal to the load at its lower joint; the maximum ten- 
sion is equal to the sum of a dead and a live panel load; 
the minimum tension is equal to a dead panel load. The 
maximum stress m the other verticals is compression and 
IS found, in the same way as for the curved-chord truss, by 
loading all joints to the nght of the vertical under con- 
sideration. The minimum stress in the center vertical is 
tension; if the diagonals that meet at its lower joint are in 
action for full load, the maximum tension is equal to the 
sum of the vertical components of the stresses in the chord 
members that meet at its upper joint; if the diagonals that 
meet at its upper joint are in action for full load, the maxi- 
mum tension is equal to the sum of the dead and the live 
panel load at its lower joint. The minimum stress in any 
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other vertical that has a counter adjacent, obtains when the 
two diagonals that meet at its lower joint are in action. 
Then the vertical components of the stresses in the chord 
members that meet at its upper joint are equal and opposite, 
and the stress in the vertical is equal to zero, or is com- 
pression and equal to the dead load at its upper joint, if any. 
The minimum stress in any vertical with no counter adjacent 
may be found by loading all joints to the left of the member, 
including the joint at its lower end. 

26. Deck Truss. — Fig. 13 represents a deck truss. 
The maximum stress in any vertical is compression, and is 
found, in the same way as for the curved-chord truss, by 
loading all the joints to the right of the member, including 
the joint at its upper end; the maximum compression, how- 
ever, cannot be less than the sum of a dead and a live panel 
load. The minimum stress is also compression, and is 
found by loading all joints to the left of the member; the 
minimum compression cannot be less than the dead panel 
load at the upper end of the member. 

As the analysis of the inclined-chord truss differs in a 
slight degree from the curved, chord truss, the following 
example is given as an illustration, 


ILiLTISTItATm: EXAMPXJ! 

27 . Data. — Fig. 12 represents a ten-panel through 
inclined-chord truss with dimensions as shown. The dead 
load is 1,600 pounds per linear foot of bridge; one-third of it 
is assumed to be applied at the joints of the unloaded chord. 
The live load is 2,800 pounds per linear foot of bridge. The 
lengths, in feet, of all the members are shown in the figure. 
In what follows, the maximum and minimum stresses in all 
the members will be calculated by the analytic method. 

28 . Panel Loads and Reactions. — The dead panel 
load for one truss is 

1,600 X 20 ^ jg QQQ pounds 
2 



36 


STRESSES IN BRIDGE TRUSSES 


§69 


of which 6,000 IS applied at each of the upper-chord joints, 
and 10,000 at each of the lower-chord joints. Each dead- 
load reaction is equal to 

16.000 = 67,500 pounds 
2 

The live panel load for one truss is 

2.800^X 20 ^ 28,000 pounds 

and each reaction for full load is equal to 

28.000 X 9 ^ 126,000 pounds 

29. Counters and Main Diagonals. — To find which 
diagonals are counters, and which are main diagonals m the 
panels near the center, the expression for the vertical com- 
ponent of the stress in either diagonal for dead load alone 
will be written, assuming that the stress is tension, if the 
result IS positive, the diagonal for which the vertical compo- 
nent was found is the main diagonal, and the other the coun- 
ter, if negative, then the diagonal considered is the counter. 
The intersection of the chords is six panel lengths to the 
left of a. 

Panel tf/.— The member E{ will be assumed m tension. 
Then, the vertical component m Efis 

67.600 X 6 - 15.000 X (7 -f 8 + 9 + 10) ^ 

As this comes out negative, Ef is the counter and e F the 
mam diagonal. 

Panel de. The member De will be assumed in tension. 
Then the vertical component in De is 

67,600 X 6 - 16.0_00 X (7 + 8 + 9) _ 

As this comes out positive, De is the mam diagonal 
and dE the counter, if one is required m this panel. It 
IS evident that Cd and Be axo main diagonals. 

30. Dead-lLoad Chord Stresses.— The dead-load chord 

rt, ^ as follows, the horizontal components in 

the mclmed members being found first: 
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Mbubbr Horizontai. Comfonbnt, IN' Founds 


BC 

CD . . 
DE,EF 


(67,500 X 2 - 16,000 X 1) X 20 
24 

[67,500 X 3 - 16,000 X-(’2 + 1)] X 20 
27 

[67,500 X 4 - 16,000 X (3 + 2 + D] X 20 
30 


100,000 

116,700 

120,000 


From the figure, sec H = 

Therefore, the dead-load chord stresses, computed from the 
horizontal components just found, are as follows: 


Mbmbbr 

BC 

CD . . 
DE,EF 
ab,bc . 


Strbss, in Pounds 

100.000 X = + 101,100 

116,700 X = + 118,000 

120.000 X = + 121,300 

67,600 X 20 _ _ 04 300 

21 


cd — 100,000 = horizontal component m BC 
de — 116,700 = horizontal component in CiP 
^ . [67,500 X 5 - 16,000 X (4 + 3 + 2 + 1)] X 20 
^ 33 

= - 113,600 


31. tilve-Lioad Chord Stresses. — The live-load chord 
jtresses may be conveniently found from the dead-load 
stresses by multiplying; the latter by the ratio of live to dead 
oad, which in this case is f or -fl. 


32. Maximum and Minimum Chord Stresses. — The 
nmimum stresses in the chords are equal to the dead-load 
.tresses just given. The maximum stresses are equal to the 
■urn of the dead- and live-load stresses, and will be found by 

nultiplying the former by They are 

1,600 

ls follows: 
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Member Maximum Stress, in Pounds 
B C 101,100 X ff = + 289,800 

CD 118,000 X = + 338,300 

DE,EF 121,300 X ^ =+ 347,700 
ab,bc 64,300 xH = - 184.300 

cd 100,000 xH = - 286.700 

dg 116,700 X -fi = - 334,600 

e/ 113,600 xH = - 325,700 

33. Dead-Iioad Web Stresses.— The dead-load web 
stresses are found from the shears and the vertical compo- 
nents of the chord stresses. The shears are: 

Panel Shear, in Pounds 
a b 67,500 

be 62,600 

cd 37,600 

de 22,600 

et 7,500 

The vertical components of the stresses in the chord 
members, found by multiplying the horizontal components 

q 

by — , which is the tangent of the angle that the upper chord 

makes with the horizontal, are* 

Member Vertical Components, in Pounds 

BC 100,000 X |r = 16,000 


DE,EF 


116,700 X ^ = 17,600 
20 

120,000 X |r = 18,000 
20 


CSC B ab ^ 
QSzBcb = 
CSC Cdc = 


CSC Ded = 


CSC Fef = 
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The dead-load stresses m the web members, when the main 
diagonals are m action, can now be computed They are 

Member Stress, in Founds 

oq 

aB 67,500 X — = + 93.200 

21 

Bb - 10,000 

oq 

Be . . . . (52,500-15,000)X — = -51,800 

21 

Cc . . . 42,500- 15,000 = -f 27,500 


Cd ... (37,500-17,500) X^^= -26,000 

24 

Dd . . . . 27,500-17,500=4-10,000 

D e . (22,500 - 18,000) X — - = - 5,600 

27 

Ee . . .. + 5,000 

QQ KQ 

eF .... (18,000 - 7,500) X = -12,300 

oo 

FJ .... . . -10,000 


It will be assumed that the counters cD, dE, and E'f are 
required. Then, the dead-load stresses in these counters and 
' the adjacent verticals, when the mam diagonals C d, D e, and 
e' F are left out, are as follows 


Member 

Stress, in Pounds 

Ee . . . . 

. . . 17,500-18,000=- 500 

Cc 

. . -1- 5,000 

Dd . 

-15,000 

cD . . 

(37,500 - 15,000) X = + 28.000 

2il 

dE ... . 

(22,500 - 17,500) X = + 6,000 

oU 

E'f . 

(17.000 - 7,500) X ^ = + 11.400 
oU 

Ff 

. . . 17.000 + 2,500= -19,500 


34. Live-Load Web Stresses. — The maximum hve- 
load web stresses are obtained most readily by first finding 

I L T 334— IS 
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the vertical components by the method of moments, as 
explained in Art. 3, and then multiplying each vertical com- 
ponent by CSC H, if the member is mclined. The stresses, in 
pounds, are as follows: 

Maximum live-load stress in a 

126,000 X == + 174,000 

Maximum live-load stress in B by 

- 28,000 

Maximum live-load stress in Bcy 

^28,000 x(l + 2-j-3-h4 + 5-h6H-7-i-8)^lj^ ^^ 

= - 104,400 

Maximum live-load stress in Ccy 

28,000 x(l + 2+^3 + 4-|-6 + 6 + 7)^j^_^ gg 

Maximum live-load stress in Cdy 

["28,000 x(l4‘2 + 3-h4-|-5-f-6-t-7)^6l 31.24 

L 10 

= - 68,000 

Maximum hve-load stress in D d, 

28,000 X (1 + 2 + 3 + 4 + 64- 6) gg^oo 


Maximum live-load stress in De^ 

r28,000 X (l-|-2-f-3-|-4-|-6-|-6) a ~| ^ 33.60 

L 10 

= - 43,900 

Maximum live-load stress in £e, 

28,000 X (1 + 2 + 3 + 4 + 6) ^ ^ ^ 26.200 


Maximum live-load stress in ^/, 

[28,000 x(l + 2 + 3 + 4 + 6)^.'|^ 36.06 

L 10 


- 27,600 
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Maximum live-load stress in Ft, 

28,000 X (1 + 2 4- 3 -H 4) ^ ^ ^ ^ ^5 30^ 

Maximum live-load stress in {,Fe)y 
p8,000 X (1 + 2 + 8 + 4) ^ ^ Sg9 _ _ 52 

Maximum live-load stress in F 

28,000 xU4-2-[-3)^^^_^ 23 qqq 

Maximum live-load stress in E W{Ed), 

[28-000 X (1 2 + 3) ^ ^ 3|^ ^ 

Maximum live-load stress m E d{Dc)^ 

r 28,000 X (1 + 2 ) ^ ^ 8|60 _ _ 


In case counters are not required in the panels be, cd^ 
and de, it is necessary to know the minimum live-load 
stresses in the members adjacent to those panels. For this 
reason, they will be calculated now. They are as follows: 


Mbmbbrs 
Bb 
Be . 

Ce 

Cd . 
Dd 


Minimum Live-Load Stress, 
IN Pounds 

[ 28 . 000 xlxY]xf^ = 

28,000 X (1 -|- 2) 

10 


[28, 


000 X (1 -f 2) 
10 


X V 


31.24 

24 


28,000 X (1 -I- 2 +_^ y :ni _ 
10 ^ ^ 


^ r28.000xa + 2 + S)^„j^ 


33.60 

27 


-h 7,700 
- 16,800 
4- 19,400 
- 29,900 
4-33,400 
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35. Maximum and Minimum Combined Web 
Stresses. — The maximum and minimum web stresses due 
to combined live and dead load are as follows: 


Member 

Maximum | 
Live-Load 
stress 

Minimum I 
Llve>Load 
Stress 

Dead-Load^ 

Stress 

1 Dead-Load 
Counter 
Stress 

Maximum 

Combined 

Stress 

Minimum 

Combined 

Stress 

aB 

+ i 74 iOOO 


-I- 93,200 


-1-267,200 

H- 93,200 

Be 

- 

104,400 

+ 7.700 

— 51,800 


- 

156,200 

- 44.100 

Cd 

- 

68,000 

+ 19,400 

— 26,000 


- 

94,000 

— 6,600 

De 

- 

43.900 

+ 33.400 

— 5,600 


- 

49,500 

8 

CO 

Ef 

- 

27,500 



-f 11,400 

— 

16,100 


Fe 

- 

52,40c 


— 12,300 


- 

64,700 


Ed 

- 

35.900 



6,000 

- 

29,900 


Dc 

- 

20,900 



-}- 28,000 

+ 

7,100 


Bb 

- 

28,000 


— 10,000 


- 

38,000 

— 10,000 

Cc 

+ 

58,800 

— 16,800 

+ 27,500 


+ 

86,300 

-H 10,700 

Dd 

+ 

39.200 


+ 10,000 

-f 5,000 

+ 

49,200 

+ 5.000 

Ee 

+ 

25,200 


+ 5.000 

- 5.500 

+ 

19,700 

-f- 5,000 

Ed 

+ 

26,900 



+ 500 

+ 

27,400 


Ff 

- 

28,000 

+ 1S.300 

— 10,000 

- 19,500 

- 

38,000 

— 4,200 


It IS found that the stress in Ff due to a full live load is 
numerically greater than that previously found for partial load. 

Smce a counter is required in panel de^ there will be no 
live-load tension m the vertical Dd\ for, when the joints to 
the left of d are loaded, the counter dE will be m action, 
and the stress m Dd\^ then the dead load of 6,000 pounds 
at Z?. The stress in E d for loads at d^^ and is found 
to be greater than that m E e for loads frofn / to V, 


EXAMPLES FOR PRACTICE 

1 In Fig 14 IS represented an eleven-panel inclined-chord truss 



with dimensions as shown The dead load is 1,500, and the live load. 
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2,800 pounds per linear foot of bridge, one-half of the load being 
earned by one truss Assuming that one-third of the dead load is 
applied at the joints of the unloaded chord, find the maximum com- 
bined stresses in the diagonals D e and d E. 

TMembbr Strbss, in Pounds 
Ans.-j 


Be 

dE 


-62,000 

-24,900 


2. Refemng to the same truss as in the preceding example, find 
the maximum combined stress in the chord member DE 

Ans +366,200 lb. 

3. For the truss referred to in the preceding example, determine 
the maximum and minimum combined stresses in Ee, 

{ Stress, in Pounds 
Maximum Minimum 
+ 23,700 + 4,600 


THE PETIT TRUSS 

36 . Description. — When the method of subdivision 
used in the Baltimore truss {Stresses in Bridge Trusses, Part 2) 
is applied to the simple type of curved-chord truss, as shown 
in Figs. 16 and 16, the truss is called a Petit truss. This 
form of truss is well adapted to long spans, being very eco- 
nomical, and IS at present the standard type of bridge truss 
in America for the longest spans in which simple trusses are 



used. One of the longest simple-truss spans ever built is 
composed of Petit trusses 675 feet center to center of end 
supports, and 130 feet center to center of chords at the 
center of the truss. For very long spans, such as this, the 
modern tendency is toward the use of very long panels, 
those in the bridge mentioned being greater than 60 feet. 
Either substruts, as in Fig. 15, or subties, as in Fig. 16, 
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may be used; the latter type is used when it is desired to 
make all the diagonals tension members. In both ts^es, 
the short verticals divide the loaded chord (in this case 
the lower chord) and the main diagonal into two equal 
parts; the short diagonals are run from the intersection of 
tne short vertical and mam diagonal to the opposite chord, 
and therefore are not in straight lines with the respective 
counters. 

37, Method, of Calculation. — The method of analysis 
is precisely the same as for the Baltimore and the curved- 
chord truss, and the student should be thoroughly familiar 
with these trusses before attemptmg the analysis of the Petit 
truss. It will be impossible, however, for him to make a 
mistake if he applies the conditions of equilibrium correctly. 
In case of doubt regarding the stress in any member, the 
following steps should be tsien in order; 

1 Consider the loading that produces the desired stress. 

2. Determine which members are in action for that loading. 

3. Consider the truss cut into two parts by a surface that 
intersects the member in which the stress ii desired^ and not 
more than two other members in which the stresses are 
unknown. 

4. Consider the part of the truss on one side of the cutting 
surface, drawing a figure representing this part if necessary, 
replacing by external forces the stresses in the members cut. 

6. Apply such equation or equations of equilibrium to the 
part considered as will give the desired stress in the most 
convenient way. 

To illustrate the method of calculation, the stresses will be 
found in the form of truss having subties, as represented m 
Fig. 16. This IS a sixteen-panel through Petit truss with 
dimensions as shown The dead load will be taken as 2,400, 
and the live load as 3,000, pounds per linear foot of bndge, 
one-half being carried by one truss. One-third of the dead 
load will be assumed to be applied at the upper and inter- 
mediate joints. The lengths of all the inclined members 
are given in the figure. 
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38. Panel Tjoads and Reactions. — The dead panel 
load for each truss is 

2,400^X 18 ^ 21,600 pounds 

of which 14,400 pounds is applied at each of the lower- 
chord joints, and 7,200 pounds at each of the upper and 
intermediate joints C, ZP, E, etc. Each dead-load reaction 
is equal to 

21,600X 16 ^ 162,000 pounds 

The live panel load for each truss is 

3,000 X 18 ^ 27,000 pounds 

2t 

and each live-load reaction for full load is 

27,000 X 15 ^ 202,600 pounds 


ANALYTIC MBTHOn 


39. Chord Stresses. — In the panels ig, gh, and h z, 
the main diagonals ^Z^^and GHt and the short diagonals 7^(7 
and are in action when there is no live load, and when 
there is a full live load on the truss. The dead-load chord 
stresses, in pounds, are as follows: 

Stress mad and dc, 

^ = - 176,700 

lo.o 

Stress ia cd and de, 


(162,000 X 2 - 21,600 X 1) X 18 
33 


= - 164,900 


227,600 


Stress in £/ and f£-, 

[162,000 X 4 - 21,600 X (3 + 2 + 1)} x 18 _ 

41 

Stress in gk and h z', 

[162,000 X 6 - 21,600 x (6 + 4 + 3 + 2 + 1)] x 18 
46 


263,600 
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Stress in CEy 

[162,000 X 4 - 21.600 X (3 + 2)] xl8 ^ 36.88 
41 

= 237,100 x ^ = + 242.900 
•00 

Stress in E Gy 


[162,000 X 6 - 21,600 X (5 + 4 + 3 + 2)] X 18 36 36 

46 

= 262,000 X = +.264,600 

OD 

Stress m G/y 

[162,000 X 8 - 21.600 X (7 + 6 + 6 + 4 + 3 + 2)] X 18 

48 

X ^ = 267,300 X = + 267,700 


36 


36 


The live-load chord stresses may be found by multiplying 
the foregoing stresses by or I. 


40. Maximum and Minimum Chord Stresses. 
The dead-load stresses just given are the minimum stresses. 
The maximum combined chord stresses will be found by 

multiplying the minimum stresses by + 2,400 _ 9 

24 4' 

They are as follows: 

Maximum Stress, in Pounds 


Member 
a by be 
cdy de 
ef,fg 

gh, hi 
CE 
EG 
GI 


176.700 X f = 

164.900 X f = 

227.600 X f == 

253.600 X I = 

242.900 X f = 

264.600 X I = 

267.700 X f = 


- 397,600 

- 371,000 

- 512,100 

- 670,600 
+ 546,600 
+ 695,100 
+ 602,300 


41. Dead-Ijoad Web Stresses. — The dead-load stress 
in each of the subverticals B by Ddy F£y and Hh is 
— 14,400 pounds. 

1. Short Diagonals . — As the short diagonal in any panel 
does not make the same angle with the horizontal as the 
main diagonal to which it connects, its stress v^ill not be 
equal to the product of one-half the load at an intermediate 
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joint and the cosecant of the angle H, as in the case of the 
Baltimore truss. This stress is found most easily by con- 
sidering one of the intermediate joints, such as D. The forces 
that act at joint D are shown in Fig 16 (6): St, the stress m 
the short diagonal, may be replaced at^in its line of action by 
Its vertical and horizontal components 5,, and Sx, respectively. 
If the center of momen s is taken at e, the moments of S„ S,, 
and Sy will all be zero; and the equation of moments is: 

IM = {S,+ W)18-SxX41 = 0 ; 

(5. -h W X 18 


whence 


5 , = 


41 


Then, 

_ (5, -H WO X 18 y 80^0 (5. -I- WO X 80.40 

* “ 41 ^ 18 41 

o _ (5. -f WO X 18 y 2^ _ (S', -f W') X 24.5 

flJlQ fcJjr — ^ HO AH 


From these equations, the following principle may be 
stated* 

The dead-load stress in a short diagonal of the Petit truss with 
subties IS equal to the sum of the stress in a short vertical and the 
dead load at an intermediate joints multiplied by the ratio 
of the length of the short diagonal to the height of the truss at 
the point where the short diagonal joins the chord, also^ the ver- 
tical component of the stress in a short diagonal is equal to the 
sum of the stress in a short vertical and the dead load at an 
intermediate joint multiplied by the ratio of the vertical projection 
of the short diagonal to the height of the truss at the point where 
the short diagonal joins the chord. 

The dead-load stresses in the short diagonals are as follows. 


Mbmbbr 

Dead 

-Load \ 

Stress, in Pounds 

Be 

(14,400 

+ 

7,200) 

X 

24 42 

33 

-h 16,000 

DE 

(14,400 

+ 

7,200) 

X 

30.40 _ 
41 

- 16,000 

FG 

(14,400 

+ 

7,200) 

X 

31 21 

46 

- 14,700 

HI 

(14,400 

+ 

7,200) 

X 

30 81 

48 

- 13,900 
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2. Main Diagonals , — The dead-load stress in a main 
diagonal is found by multiplying the algebraic sum of the 
shear and the vertical components of the stresses in the other 
inclined members in the panel m which the member is located, 
by the cosecant of the angle that the mam diagonal makes 
with the horizontal. 

The vertical components of the stresses in the inclined 
chord members are* 


Mbmbbr 

Vertical Component, 
IN Pounds 



CE 

237,100 X A = 62,700 



EG 

262,000 X A = 36,400 



GI 

267,300 X A = 14,900 


The shears 

are as follows: 


Panel 

Shear, 
IN Pounds 

Panel 

\ IN Pounds 

a h 

162,000 

ef 

75,600 

be 

140,400 


54,000 

cd 

118,800 

gh 

32,400 

d e 

97,200 

h t 

10,800 


The vertical components of the stresses in the short 
diagonals are as follows. 


Member 

Vertical Component 
OF Stress, in Pounds 

Be 

21,600 X ^ = 10,800 

DE 

21,600 X ^ = 12,900 
41 

EG 

21,600 X ^ = 12,000 
46 

HI 

21,600 X ft =11,300 


The dead-load stresses, in pounds, in the main diagonals 
are as follows: 

Dead-load stress in aB^ 


162,000 X 


24.42 


= 162,000 X 1.48 = + 239,800 


16.6 
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Dead-load stress in B C, 

(140,400 -I- 10,800) X = 161.200 X 1.48 = + 223.800 

Ib.o 

Dead-load stress in CD, 

(118,800 - 52,700) X = 66,100 X 1.48 = - 97,800 

ID fJ 

Dead-load stress in De, 

(97,200 - 52,700 -H 12,900) X = 67,400 X 1.48 

15.5 

= -85,000 

Dead-load stress in E F, 

(76,600 - 36.400) X = 39,200 X 1.33 62,100 

20.6 

Dead-load stress in /*>, 

(64,000 - .‘J6,400 -I- 12,000) X “ 29,600 X 1.33 
= -39,400 

Dead-load stress in G//, 

(32,400 - 14.900) X = 17,500 X 1.27 = - 22.200 
Dead-load stress in // 1 , 

(10,800 - 14,900 -1-11,300) X ^ = 7,200 X 1.27 = - 9,100 

3 Long' ll'Ti/ca/s.— Thc stresses in the long verticals are 
rour'i by considering the lower joint of each vertical as a 
free body. They are as follows: 

Mrmrjek Dkah-Load .Stress, in Pounds 
Cc 10,800 + 14,400 = - 25,200 

£e 57,400 - 14,400 = + 43,000 

29,600 - 14,400 = + 16,200 
// 7,200 - 14,400 + 7,200 = 0 

The fact that the stress in the middle vertical /i is equal 
to zero, when there is no live load on the truss, is not a 
general property of the Petit truss; it occurs in this case 
simply because the sum of the veitical components of the 
stresses in the two diagonals Hi and t H' that meet at the 
lower joint of the vcitical, is equal to the dead-panel load at 
its lower joint 
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42. Llve-Iioad "Web Stresses. — 1. The maximum 
live-load stresses in the hip vertical, short verticals, and 
short diagonals are as follows 


Member 


Maximum Live-Load 
Stress, in Pounds 


Bb,Dd, FI, Hh 

- 27,000 

Cc 

27,000 -1- 13,500 = - 40,600 

Be 

27,000 X ^ = -1- 20,000 

DE 

27,000 X^°^° = 20,000 

41 

FG 

27,000 X ^ = 18*300 

46 

HI 

27,000 X^^f^ = -17,300 
48 


2. Main Diagonals — The maximum live-load stresses in 
aB, CD, BF, and GH occur when the live load extends 
from the right end up to the joints b, d, f, and h, respectively. 
The stress va. a B may be found directly from the reaction 
for full load; the stresses m the other members may be 
found by the method of moments. The upper-chord mem- 
bers CB, BG, and G1 produced intersect the lower chord 
produced at points distant 6 26, 12 4, and 40 panel lengths to 
the left of a, respectively. 

In calculating the left reaction due to a partial live load on 
the truss, it is well to note that the sum of all whole numbers 

from 1 to n is equal to ” for example, if all the joints 

from b' to h are loaded, « = 9; and the sum l-|-2-|-3-|-4-|-5 
^04.7-1-8-1-9 = + 45 Then, in finding the 

left reaction for this loading, the expression may be wntten 


27,000 X 


9X(9-H) 

2 


16 

27,000 x(l-l-2-f3-l-4-l-6-b6-|-7-l-8-l-9j 

instead of - 10 
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The stresses in aB^ CD, EF, and GH as follows 


Mbmbbk 


Maximum Live-Load 
Stress, in Pounds 


aB , 


CD 

EF 

GH 


202,500 X 


27,000 X 

Ji 

16 

27,000 X X + 

a 

16 


X-^^X 
10 25 ^ 


X^X 
18.4 ^ 


24 42 
16 5 

24 42 

16.5 

27 28 

20.5 


27,000 X 


9X(9 + 1) 
2 


16 


xSx 


29 21 
23 


+ 299,700 

- 138,600 

- 99,900 

- 80,400 


The maximum stresses in B C, De, Fg, and Hz occur 
when the rig^ht end of the truss is loaded, the live load will 
extend at least as far as <?, g, and z, respectively, whether 
or not b, d, /, and h must he loaded will be determined by 
trial. When the correct loadingf for any member has been 
found, the stress may be calculated by multiplying: esc H by 
the vertical component of the stress found by applying the 
equation 2' y = 2* 5 sin AT = 0 to all the forces that meet 
at the intermediate joint at the end of the member, or to the 
stresses in all the members cut by a vertical plane of section 
that intersects the member under consideration The former 
method is shorter for De, Fg^ and Hi, the latter for B C, 
For the member ^ C, a panel load will be tried at b. This 
load alone would cause a negative shear in panel be equal to 
1,700 pounds, and compression vaBc, the vertical component 
of which would be 13,600 pounds Then, the load at b 
would cause a stress in equal to 

(13,500 - 1,700) XescH = + 11,800 esc H 


As this is compression, the maximum compression will 
occur when the truss is fully loaded For this loading, the 
stress in B C IS 


(176,600+ 13,600) X 


24.42 


+ 279,700 pounds 


166 
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For the member De, a. panel load will be tried at d. This 
load alone woul^ cause tension m CD and DE, the vertical 
components of which are: 


and 


27,000 X 13 6.25 

16 ^ 10.25 

27,000 X = 


= 13,400 in CD 
16,100 in DE 


Applying t±ie equation 2 Y ^ 2* 5 sin = 0 to the forces 
acting at the joint D, and multiplying the result by esc H 
gives — 2,600 esc H for the stress m De that would be 
caused by a load at d» As this is tension, the maximum 
tension m De will occur when the truss is loaded from the 
right end up to d. For this loading, the vertical component 
in CD is 


27,000 X 


13 X (13 + 1) 
2 


16 


6 26 
10 26 


93,600 pounds 


Applying the equation 2* K = -T 5 sin = 0 to the forces 
acting at the joint Z?, and multiplying the result by esc Hy 
gives, for the maximum stress in De, 

(93,600 + 16,100 - 27,000) X = - 122,400 pounds 

16.6 

For the member Fg, a panel load will be tried at /. This 
load alone would cause tension \n EF and FG, the vertical 
components of which are: 


and 


27,000 X 11 ^ ^ ^ j 2,500 in EF 
16 18.4 

27,000 X ^ = 16,000 m FG 
46 


Applying the equation 2" K = 2 5 sm // = 0 to the forces 
acting at joint F, and multiplying the result by esc H, 
gives — 600 CSC H for the stress in Fg that would be 
caused by a load at /. As this is tension, the maximum 
tension m Fg will occur when the truss is loaded from the 
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right end up to /. For this loading, the vertical component 
in EJ^is 

27,000X + 

jg X = 76,100 pounds 

and the stress in is 

(75,100 + 16,000 - 27,000) X 84,000 pounds 

For the member Hz, a panel load will be tried at k. This 
load alone would cause tension in GH and Hly the vertical 
components of which are 

27,000 X 9 ^ ^ ^ j2,700 in GH 
lb 

and 27,000 X H = 14,100 inB/ 

Applying- the equation ^ V = 1' S sin N — 0 to all the 
forces acting at the joint AT, and multiplying the result by 
CSC gives + 200 CSC H for the stress in Hz that would be 
caused by a load at k. As this is compression, the maximum 
tension in Hi will occur when the truss is loaded from the 
right end up to z. For this loading, the vertical component 
in GH IS 

27,000 X ^ 

X = 60,600 pounds 
lb 

and the stress in Hz is 

60,600 X = — 64,300 pounds 
Zd 

3. Main Verticals - — The maximum stresses in the verticals 
and It occur when the live load extends from the 
nght end up to /, and /z', respectively. When the live load 
extends up to /, there is no load at d and the live-load stress 
in is zero. Then, if the truss is considered cut by a 
plane that intersects CE, D E, Ee^ and there will be but 
three unknown stresses, and the stress in Ee may be found 
by taking moments about the intersection of CE and ef. In 
like manner, the stress in Gg may be found by taking 
moments about the intersection oi EG and gk^ and that 
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in It by taking moments about the intersection of (r /and i A'. 
The results are as follows: 


Member 


Ec 


Gg 


li 


Maximum Live-Load Stress, in Pounds 


27,000 X 


iix(n + i) 

2 


16 


6 25 
10.26 


27,000 X 

27,000 


9X(9 +1) 

2 1 ^ 

16 18.4 

y7x(7 + l) 

xe ^ x« 


+ 67,900 

+ 61,200 

+ 39,400 


The dead-load stress in the vertical It when there is no 
live load on the truss — that is, when both mam diagonals Hi 
and tH^ are in action — was found in 3, Art. 41, to be zero. 
When the live load extends from A' to 3', the position that 
causes the greatest live-load compression in /z, the mam 
diagonal t is out of action, and it is necessary to find the 
dead-load counter stress in It, This stress can be most easily 
found by considering the joint i The vertical dead-load 
forces that act at the joint t are now the dead panel load of 
14,400 pounds, the vertical component of the dead load in Hty 
7,200 pounds (2, Art. 41), and the stress in /z, the latter is 
7,200 pounds, tension. Then, the combmed stress in It when 
the live load extends from H to V is 39,400 — 7,200 = 32,200 
pounds, compression. 


43« Counters and Minimum Stresses in Main 
Diagonals. — To find the panels in which counters are 
required, the minimum combined stress will be calculated 
in each mam diagonal, starting at the left end of the truss. 
The minimum live-load stresses in aB and BC are each 
equal to zero; then, the minimum stresses are the dead-load 
stresses. 

The minimum live-load stresses \nCD and De occur when 
the joints b and c are loaded; it is evident that a load at d 
will cause tension in CD^ and it was shown in Art. 42 that 

ILT 334—16 
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a load at d causes tension mDe\ then, this joint and all to the 
nght of It must be unloaded As there is no load at d, the 
live-load stresses in Dd and DE are equal to zero, and 
the live-load stress in CZ? is equal to the live-load stress 
in Considering the truss cut by a plane that inter- 

sects CE, CD, and cd, and applying the equation -T Af = 0 to 
the forces acting on the part of the truss to the right of 
this plane, taking moments about the intersection of CE 
nndicd, gives the minimum live-load stress m CD and De as 
follows: 


27,000 X (1 2) 22.26 24.42 

16 10.26 16.6 


+ 16,300 pounds 


The dead-load stresses in and De are equal, respect- 
ively, to — 97,800 and — 85,000 pounds (2, Art. 41). Then, 
the minimum combined stresses m CD and De are as 
follows: 

Membbr Minimum Combined Stress, 

IN Pounds 

CD - 97,800 + 16,300 = - 81,600 

De - 85,000 + 16,300 = - 68,700 

As these are both tension, no counters are required in the 
panels c d and d e. 

The minimum live-load stresses in and occur when 
the joints b, c, d, and e are loaded; it is evident that a load 
at / will cause tension in EF, and it was shown m Art. 42 
that a load at / causes tension in Fg\ then, this joint and all 
to the right of it must be unloaded. As there is no load at /, 
the live-load stresses infFnnd^FG are equal to zero, and 
the live-load stress in is equal to the live-load stress 
in Fg, Considering the truss cut by a plane that inter- 
sects EG, EF, andtf/, and applying the equation HM — 0 
to the forces acting on the part of the truss to the right of 
this plane, taking moments about the intersection oi EG 
and ef, gives the minimum live-load stresses in EF and Fg 
as follows: 

27,000 X (1 + 24-3 + 4) 28^ 27_M ^ ^ 34,700 pounds 

16 18.4 20.6 
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The dead-load stresses m EF and Fg are equal, respect- 
ively, to — 62,100 and — 39,400 pounds (2, Art. 41). Then, 
the minimum combined stresses in EF and F£r are as 
follows: 

1^ Minimum Combined Stress, 

^ POUNDS 

EF - 62,100 + 34,700 = - 17,400 

F^- - 39,400 + 34,700 = - 4,700 


As these are both tension, no counters are required in the 
panels and /£. 

The mmimum combined stress, — 4,700 pounds, in F^^, is 
so small, and the minimum combined stresses in the main 
diagonals decrease so rapidly as the center is approached, 
that it is evident that the minimum combined stress m GH 
will come out compression. Then, acts as the lower 
half of the counter gHI\ GH acts as a short diagonal or 
subtie; and^z is out of action, as represented in Fig. 16 (c). 
As the lower and upper halves, and j?7/, of the counter 
gHl are not in the same straight line, the stress m the 
subtie cannot be found by the principle explained in Art. 41, 
but requires separate consideration. Applying the equa- 
tions IX= IS qosH^ 0 and IV= ISsinH^ Oto all 
the forces acting at the joint H, as represented in Fig. 16 
{d), letting W represent the sum of the loads at AT and A, 
and assuming that the stresses in gH, GH, and HI are 
tension, the following equations are obtained: 

J y = 5, sin H, - 5. sin H. + 5* sin - IF = 0 
^*^^=53 cos H^ + cos H^ — Sx cos Hx =0 
Substituting for the trigonometric functions their algebraic 
values, and making the proper reductions, the following 
values of the vertical components of and 5a, in terms of 
the vertical components of 5, and W, are obtained: 


5., = 5. X ^ = 


hx + h% 

hx ““ h% 


A. 2 “ ^^^^^hx 2 


5., = 5a X ^ = 


A, _ HZ' q. y 2 w ^ /Q) 


A, 
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The stress 5* may be found most readily by the method 
of moments, taking as the center of moments the intersection 
oi G I and h t produced, which is at a distance of 40 panel 
lengths to the left of a, and considering to be resolved 
into its vertical and horizontal components at the intersection 
of its line of action HI with the lower chord, this mtersection 
IS at a distance equal to M , or 92, panel lengths to the left 
of h, or 46 08 panel lengths to the right of the center of 
moments. The dead-load counter stresses, in pounds, in 
gH^ GH^ and HI are as follows: 

Stress in H I^ 

- 162.000 X 40 + 21,600 X (41 + 42 + 48 + 44 + 46 + 46 + 47) 

46.08 

= +4,600 

Stress in GH, 

(10,800 - 3,760 X A) X ?|— = 13,600 

Stresses mgH, 

(8,760 X - 10,800) X = - 9,100 


In writing these equations, it was assumed that the stresses 
in H I^ GH, and gH were tension; the negative result in 
H indicates that the dead-load counter stress in that member 
is compression. 

The maximum live-load stress in HI, when it is a counter, 
occurs when the live load extends from b to k, and is as 
follows: 


27,000 

16 


66 30.8 1 

46.08 26 


— 70,800 pounds 


For the maximum tension in gH, it is evident that the 
live load should extend from the left end at least as far as 
joints; whether or not joints should be loaded will be deter- 
mined by trial. A live panel load at h alone would cause a 
tension in HI, the vertical component of which is equal to 


66 

46.08 


27,000 X A X 


= 14,400 pounds 
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and a stress the vertical component of which is found 

by applying formula 1 and is equal to 

14,400 X io" — 13,600 = 300 pounds 
As this comes out positive, the stress in ^^will be ten- 
sion, and for the maximum tension in the joints b to 
h should be loaded. For this loadmg, the live-load stress 
in gH is equal to 

(67,400 X M - 13,600) X = 41,600 X 1.27 


= — 62,800 pounds 

The maximum live-load stress m GH a mam diagonal 
was found in Art. 42, Now, if the truss is loaded from 
b to the vertical component of the stress in HI is equal to 

6x(6-hl) 

2 56 

16 46 08 


27,000 X 


= 43,100 pounds 


and the minimum live-load stress in G^is equal to 

(0 - 43,100 X-^) X = - 2,200 pounds 

As this comes out negative, the minimum live-load stress 
in G H\% compression. 


44. Minimum Stresses In tlie Verticals. — The mini- 
mum live-load stresses in the hip vertical Cc, and in the 
short verticals Bb,Dd, Ff, and ff A, are equal to zero The 
minimum live-load stresses in the main verticals Ee, Ggy and 
It are tension; the loadings that cause the minimum stresses 
m these members are determined by trial. 

Vertical E e — It is first necessary to consider the loading 
that will probably cause the maximum tension in the ver- 
tical Ee In Art 42, it was found that the maximum com- 
pression occurs when all the joints from V to / are loaded; 
therefore, for the maximum tension these joints should be 
unloaded. In finding the stress yo. Ee due to loads at the 
left end, the truss may be considered cut by a plane that 
intersects CE, D E, Ee, and ef. Live panel loads at 6 and r 

, ^ 27,000 X (1-1-2) 

cause a right reaction equal to • men, 
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taking moments, about the intersection ot CE and ef, of all 
the forces actmg on the part of the truss to the right of 
the plane just mentioned (the stress in being equal to 

zero), the stress in due to live loads at d and c only is 

27,000 X (1+ 2) ^ 22 25 _ .. 


Now, if any more joints to the left of e are loaded, it will be 
seen that a panel load at d tends to cause compression, and 
at e tension, in Ee\ the stress that would be caused by both 
of these together will be found, as it will be assumed 
impossible to have a full live load at e and no load at d. 
It will be convenient to apply the equation K = 0 to all 
the forces acting on the part of the truss to the right of the 
plane of section just mentioned. 

Thus, the right reaction, acting upwards, is 

27,000 X^(3 + 4) ^ jj gQQ 


The vertical component in CE^ acting upwards, is 

27,000 X (12 + 13) ^ i^8 ^ ^ 
lo 41 

The vertical component in D E^ acting downwards, is 

27,000 X ~ = 16,100 pounds 
41 

Then, the live-load stress in Ee due to loads at d and e is 
equal to 

11,800 -h 16,500 — 16,100 = 12,200 pounds, tension 
Adding this value to the tension due to loads at b and c 
gives 23,200 pounds for the maximum live-load tension in Ee. 
The dead-load stress in is equal to + 48,000 pounds; 
then, the minimum combined stress is 


43,000 — 23,200 = -|- 19,800 pounds 
Vertical — It was shown in Art 42 that, for the maxi- 

mum compression in Gg^ the joints h to V must be loaded. 
Then, for the maximum tension, these joints must be 
unloaded. There are two conditions when the joints at 
the left end of the truss are loaded that need to be con- 
sidered; namely, when GH in action as a main diagonal, 
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d when gH is in action as a counter. The vertical com- 
nent of the dead-load tension in G/Tas a main diagonal is 
ual to 17,600 pounds. Live panel loads at b, c, etc. 
crease the dead-load tension in GH until the live-load 
mpression in G/7 is greater than the dead-load tension, 
leri gH comes into action as a counter. Denoting the 
ht reaction for live loads at b, Cy etc. by and taking 
)ments about the intersection of GIs.nd.ghy the vertical 
nponent of the live-load compression in GH is found to be 

^ ^ Placing this equal to 17,600, the vertical com- 
48 

lent of dead-load tension in GH, and substituting for R," 
27,000 X + 

value y n being the number of jomts 

ded at the left end, n is found to be equal to 3.7. This 
ans that, if three Joints by Cy and d are loaded, G//' will be 
action as a main diagonal; if more than three are loaded, 
{ will be in action as a counter. The live-load stress 
Gg due to loads at by Cy and d may be found by taking 
ments about the intersection of ^ G and ghy the live-load 
sss in FG for this loading being equal to zero. Then, the 
3-load stress in Gg is 

27,000 X (1 -f 2 + 3) ^ ^ jg gQQ tension 

16 18 4 

Dhe dead-load stress in Gg when GH is in action as a 
in diagonal is equal to 16,200 pounds, compression. Then, 
minimum combined stress in Gg for this loading is equal 
15,600 — 15,200 = 400 pounds, tension, 
yhen the joints by Cy dy and e are loaded with live load, 
I is m action as a counter, and the live-load stress m G^is 
ind by considering the forces that act at joint They are 
stresses in Fgy Ggy sndgH. The vertical component of 
stress in Fg is found by taking the moment of the 
ht reaction about the intersection of ^G and fgy and 
3qual to 

000 x(l4-2 + 3-f4) ^ 28^ _ 26,000 pounds, compression 
16 18.4 
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The vertical component of the live-load stress m gH is 
obtained from formula 1, Art. 43, first finding: the stress in 
HI for this loading:. The vertical component of the stress 
in gH IS 

27,000 X(l + 2 + 3 + 4) y 56 
^ ^ 16 ^ 4^ 

= 19,700 pounds 

Then, the live-load stress in Gg is 26,000 — 19,700 = 6,300 
pounds, tension. If the live load is applred to any joints at 
the right of e the tension in Gg will decrease. 

When the counter gH is in action, the dead-load stress 
in Gg may be found by considering the forces that act at the 
joint g. The vertical component of the dead-load stress 
in Fg\^ equal to 29,600 pounds (Art. 41), while that ingH 
IS equal to 7,200 pounds (Art 43) The dead panel load at 
g IS equal to 14,400 pounds Then, the dead-load stress in 
Gg is 29,600—7,200—14,400 = 8,000 pounds, compression 
The minimum combmed stress in G g for this loading is 8,000 
— 6,300= +1,700 pounds As this is greater than the stress 
when the joints 5, c, and d are loaded, the minimum com- 
bined stress in G g is equal to 400 pounds, tension 

Vertical It, — The maximum live-load tension in It occurs 
when the truss is fully loaded. It may be found most easily 
by considering the forces that meet at the joint /. The ver- 
tical component of the stress in G/, or G'/, may be found 
from the dead-load stress given in Art. 41, by multiplying 

K 

the latter by the ratio of the live to the dead load, or 7. The 

4 

vertical component of the dead-load stress is equal to 
+ 14,900 pounds, then, the vertical component of the live- 
load stress is equal to 14,900 x I = + 18,600 pounds. 

The vertical component of the live-load stress m HI is equal 
to 27,000 X H = 14,100 pounds. Then, the stress in It is 
2 X 18,600 — 2 X 14,100 = 9,000 pounds, tension 

As the dead-load stress in li is equal to zero, the minimum 
combined stress is also equal to 9,000 pounds, tension, 

46. Table of Stresses. — The maximum and minimum 
combined stresses are given in the table on page 68. 
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GRAPHIC METHOD 

46. Dead-IiOad. Stresses. — The stress diagram for 
dead-load stresses is represented in Fig. 17 {b). In con- 
structing the force polygon (the load line), the work was 
shortened somewhat by assuming that the dead load that is 
applied at B, Fy etc. was applied at by dy /, etc , respect- 
ively, together with the dead load already there. Then, the 
external forces acting on the truss are the reactions, equal to 
162,000 pounds each, the partial loads at the upper-chord 
joints, 7,200 pounds each, at C, Ey Gy etc., the full panel 
loads of 21,600 pounds each, at by dy /, ky etc., and the loads 
of 14,400 pounds each at Cy Cy gy z, etc., as represented in 
Fig. 17 {a). The result of assuming that the dead loads at 
By Dy Fy etc. are earned at by dy /, etc is that the stress dia- 
gram indicates a stress in each short vertical 7,200 pounds 
greater than the actual stress, and this must be kept in mind 
when these stresses are scaled from the stress diagram. 
The stresses in the other members are not affected by the 
assumption. The points 38 and 40 m the stress diagram 
coincide, indicating that the stress in /z {38-40) is equal to 
zero; this checks with the value of the dead-load stress in /z, 
found in Art. 41 by the analytic method 

In finding the counter stresses m the panels gh and h z, 
the stress diagram was drawn for the panels z and g^ 
instead; 38-40^ is the vector representing the stress in /z 
when i is out of action; 40'-44^ and 42^-43^ are the stresses 
in H'l 3ndig'H^y respectively, as counters; 44^-43^ is the 
stress in O as a short diagonal, and 43^-45^ is the stress 
in Gg'. In drawing the vector the diagram was 

drawn for joint G, At this joint, 21-44' and 44'-43' were 
known; 43'—45'y 45'’-46y and 46—20 were unknown. As there 
were three unknown forces, it was impossible to draw these 
three vectors directly. It was known, however, that the 
stress m G E' is equal to the stress in GEy which had 
already been found; then a line was drawn from 20 parallel 
to 20-46, and the point 46 located so that 20-46 was equal 
to 23-33, and, by drawing from 46 a line parallel to 45'-46, 
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and from 43' a line parallel to 43'-45'y the point 45' was 
found. It is unnecessary in the present case to scale the 
dead-load stresses, since they will be the same as found by 
the analytic method. 

47, Ijlve-Iioad Cbord Stresses. — The chord stresses 
may be found by drawing a stress diagram for one-half the 
truss when there is a full live load, as represented in 
Fig. 18 {d)i or by multiplying the dead-load chord stresses, 
scaled from Fig. 17 (3), by the ratio of the live to the dead 
load In the present case, the former method is preferable, 
as the stress diagram represented in Fig. 18 (^) gives also 
the desired stresses in some of the web members. 

48, lilve-Lioad Web Stresses. — The stresses in the 
end posts, hip vertical, short verticals, and short diagonals 
may be scaled directly from the stress diagram represented 
in Fig. 18 (^). The maximum and minimum live-load 
stresses m the main diagonals and remaining verticals may 
be found by drawing a stress diagram for the truss, from the 
left end up to the member CV, assuming that the only force 
acting on the left end of the truss is a reaction at a equal to 
10,000 pounds, as represented in Fig. 19 (^). In this dia- 
gram, the vectors representing the stresses in the short 
verticals and short diagonals do not appear; t6is is due to 
the fact that, if no loads act on the left end of the truss 
except the left reaction, there will be no panel loads at 3, d, 
etc , and consequently the stresses in Bd and Bc^Dd and DE^ 
etc will be equal to zero. 

In finding the stresses in the main diagonals and verticals, 
it is best to find by the analytic method the loading that 
causes the desired stress. As these loadings have already 
been found in Art 42, the work will not be repeated. When 
the live-load stress in one of the verticals Ee^ Gg^ and I or 
in the upper half of one of the main diagonals CD^ EF^ and 
GH^ or in I H' as a counter, is a maximum, the only force 
that acts on the truss to the left of the member is the left 
reaction. Then, the maximum live-load stress in any one o£ 
these members may be found by multiplying the stress in 
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that member due to a left reaction of 10,000 pounds, as 
scaled from Fig. 19 (^), by the ratio of the left reaction 
caused by the loading that causes the maximum stress in the 
member under consideration to the assumed reaction of 
10,000 pounds. The stresses in the members just referred 
to, caused by a left reaction of 10,000 pounds, are as 
[ollows 


Mbmbbk. 

Stress, dj 
Pounds 

Vector 

Ee 

+ 6.100 

5'- 6 

Gg 

+ 6,700 

7'- 8 

li 

+ 8,300 

9^-10 

CD 

- 9,000 

4- 5 

EF 

- 9,000 

6- 7 

GH 

- 10,600 

8- 9 

IH' 

- 15,000 

10-11 


The left reactions caused by the loadings that cause maxi- 
mum stresses in these members (as found by the analytic 
method in Art. 42) are as follows. 


Member 

Left Reaction, 

IN Pounds 

Member 

Left Reaction, 

IN Pounds 

Ee 

111,400 

EF 

111,400 

Gg 

76,900 

GH 

75,900 

li 

47,300 

IH' 

47,800 

CD 

153,600 



Then, tlie 

maximum live-load 

stresses 

m these members 


are as follows: 

Maximum Livs-Load Stress, 
MEMBER ^ Pounds 


Be -VbWo^ X 6,100 = + 68,000 

Gg X 6,700 == + 50,900 

It X 8,300 = + 39,300 

CD X 9,000 = - 138,200 

EF X 9,000 = - 100.300 

GH , HW X 10,600 = - 80,500 
X 15,000 = - 71,000 

When the stress m the lower half of the main diagonal Hi 
is a maximum, there is no load to the left of t except the 
left reaction, and the stress in Hi is equal to the stress 
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m GH that has just been found. When the stress m the 
lower half of one of the roam diagonals De and or 
in as a counter, is a maximum, the joints d, /, and 

respectively, at the left of these members are loaded; and, as 
the left reaction is then not the only force acting on the truss 
at the left of one of these members, the stress cannot be found 
by the stress diagram in Fig. 19 (^). These are the same 
loadings, however, that cause the maximum stresses that 
have just been found in the upper halves of the diagonals, and 
the stress m the lower half of any one of them may be found 
by constructing the polygon for the forces that meet at an 
intermediate joint. For example, the stress m CD, equal 
to — 138,200 pounds, is laid off to a convenient scale, as 
shown m Fig. 19 (£•) by the line 5-4, which is parallel to 
CD] 4-4', equal, by scale, to the stress in Dd { 2 l live 
panel load), is next drawn parallel to Dd] then the 
lines 4'-5' and 5-5' are drawn parallel, respectively, to De 
and DE: the line 4'-5' represents the stress in De. In like 
manner, 6'-7', Fig. 19 {d), represents the stress m Fg, and 
10^-11', Fig. 19 (e), represents the stress in 

The vector 11-11^, Fig 19 {b), that Represents the stress 
in O when there are no loads to the left of g^ except the 
left reaction of 10,000 pounds, scales + 600 pounds. The 
left reaction for the loading that causes the minimum live- 
load stress in G (Art 43) is equal to 35,400 pounds. 
Then, the minimum live-load stress in G' as a short 
diagonal is equal to 

X 600 = -I- 2,100 pounds 

When the stress in one of the mam diagonals E or e! O 
is a minimum, there is no force acting on the truss to the left 
of the member under consideration except the left reaction, 
and the stresses in these members may be found from 
Fig 19 (^) in the usual way The stresses due to a left 
reaction of 10,000 pounds are as follows 


Mhmber 

g^E^ 

e'C 


Stress, 
m Pounds 


+ 20,600 
+ 32,000 


Vector 

12 - 12 ' 

13-14 
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The left reactions that obtain when the stresses in these 
members have their minimum values are as follows (see 
Art. 43): 

Mbmbkr Rbaction, in Pounds 
^>E> 16,900 

t/ a 5,100 

Then, the minimum live-load stresses in these members 
are as follows- 

Mbmbbr Strbss, in Pounds 

X 20,600 = + 34,600 
e! C tWW X 32,000 = + 16,300 

The minimum stress m It occurs when the truss is fully 
loaded, and may be found from the stress diagram represented 
in Fig. 18 {b). It was found m Art. 44 that the minimum 
stress in G ( Gg) occurs when the joints b', d, a?', and e! are 
loaded and g^ is in action as a counter. Then, the mini- 
mum stress in G g^ may be found from Fig. 19 (^). The 
vector 12-11^ scales — 3,700 pounds. The left reaction is 
equal to 16,900 pounds; then, the minimum live-load stress 
in Gg is equal to 

mn X 3,700 = - 6,300 pounds 

In Art. 44, it was found that the minimum live-load stress 
in i5‘V occurs when the joints b\ c\ and e! are loaded. In 
this case, the stress in e! cannot be found from Fig 19 {b), 
as the vector 12^-13 was drawn on the assumption that the 
stress in E^ is zero; this assumption is not true in the 
present case, as there is a load at The method of findmg 
the minimum stress in E^ when the loading is known, is 
illustrated in Fig. 19 (/). The stresses in G and^^jfi*' are 
found by multiplying the vectors 1-12 and 12-12\ respect- 
ively, Fig. 19 (^), by io8oo ; the stress in E^ jy is the same 
as the stress m DEy which is given by the vector 5'-5, 
Fig. 19 {c). Then, as three of the five forces that meet at E^ 
are known, the other two, one of which is the stress in E'd, 
may be found by constructing the force polygon for the 
joint E'. The vector 12^-13, Fig. 19 (/), equal to — 23,200 
pounds, is the minimum live-load stress in E'd, 
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EXAMPLES FOR PRACTICE 

1. The sixteen-panel through Petit truss with substruts represented 
in Fig 15, having dimensions as shown, supports one-half of a bridge 
The dead load is 2,200, and the live load, 3,200, pounds per linear foot 
of bridge. If one-third of the dead load is assumed to be applied at 
the upper and intermediate joints, what is the maximum combined 
stress m the member G Ans —65,1001b. 

2 For the same truss and loading referred to in example 1, what 
is the minimum combined stress (maximum tension) in /«? 

Ans -60,0001b 

3 For the same truss and loading referred to m example 1, what 

is the maximum combined stress m E e} Ans -j- 82,200 Ib. 

4. For the same truss and loading referred to in example 1, what 
IS the live-load stress m the member^ A? Ans — 317,400 lb. 


THE MUIiTIPEE -SYSTEM CURVBB-CHORD TRUSS 

49. Description. — The truss represented in Fig. 20 {a) 
IS known as the multiple- system curved-cliord truss. 
It IS somewhat similar to the Whipple truss (Stresses tn 
Bridge Trusses^ Part 2) having two systems of web members, 
the difference between the two being that the upper chord of 
one is curved and that of the other is horizontal. The mul- 
tiple-system curved-chord truss is not m common use at the 
present time, but, as there are some examples of it in 
existence, it is well to know how the stresses can be found. 

60. Metliod of Calculation. — If the truss represented 
in Fig. 20 (a) is separated into two systems, as shown in 
single and double lines in Fig 20 (b) and (c), it will be seen 
that, on account of the angles of the curved chord, each 
system exerts an upward force on each upper-chord jomt of 
the other system On this account, the systems do not act 
independently, and the stresses cannot be found on the 
assumption that the stresses in each system are caused by 
the loads that come on that system, unless some other 
assumption is made. 

When there is a full live load or no live load on the 
truss, the stresses in all the members may be found with a 
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reasonable degree of accuracy without considering the truss 
separated into the two systems. If the members G I and G /, 
Fig 20 (d), were straight, the counters^/ and ^'/ would be 
out of action when there is a full live load or no live load on 
the system. In like manner, if FH, HH', and H'F, 
Fig. 20 (c), were straight, the diagonals tH, Hh' ^ kH', and 





Pia 20 

f would be out of action when there is a full live load or 
no live load on the system. In the present case, as the upper- 
chord members referred to are very nearly straight, these 
diagonals may be assumed to be out of action when there 
is a full live load or no live load on the truss. Then, the 
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members of the truss that will be in action for these loadings 
are shown m Fig, 20 {d). If the truss is considered cut by 
the plane of section p* p that intersects HI, Gt, and hi, and 
the part to the left of the section is treated as a free 
body, it will be seen that the stress in ///may be found by 
taking moments about pomt z; the stress in G z, by applymg 
the equation ^ Y — Z S sin // = 0 to all the forces acting 
on the part of the truss considered; and the stress in kt, 
by applying the equation ZX — The stresses in the 
remaining members may be found most readily by means of 
the stress diagram, only one-half of the truss being con- 
sidered The stresses in ///, Gt, and Az, considered as 
external forces, and the panel loads and reaction on the 
part of the truss to the left of the section pp, form a 
system in equilibrium, and may be laid ofiE to scale in the 
force polygon. Then, starting at the right end with the 
joint H, the stress in HI and the load at H, if any, being 
known, the stresses in G // and Hh may be found; at joint h, 
the stresses v^H h and h t and the load at h being known, the 
stresses in Fh and^^ may be found; at joint G, the stresses 
in G//and Gi and the load at G, if any, being known, the 
stresses in FG and G^may be found; etc. By proceeding 
in this manner, the stresses in all the members, when there is 
a full live load or no live load on the truss, may be found. 

The stresses in the members can also be found by the 
analytic method of joints; but, as the numerical work m 
connection with this method when applied to a curved-chord 
truss is very laborious, its use will not be considered. 

61. The maximum live-load stress in almost every web 
member obtains when there is a partial load on the truss, and 
cannot be found accurately by the equations of equilibrium 
unless some assumption is made regarding the upper-chord 
members. As the upper-chord members of the separate 
systems, such as /“G and GI, Fig. 20 (^), are not straight, 
each system exerts an upward force at each upper-chord joint 
of the other systems; but, as the actual amount of this force 
at any joint is relatively small, it may be neglected, and the 


ILT 334—17 
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stresses found on the assumption that the upper-chord mem- 
bers in the two systems are straight. The stresses in the 
web members of each system can then be found from the 
loads that come on that system, in the same way as in 
the simple type of curved-chord truss explained in 
Arts. 4 to 20. The graphic method by the stress dia- 
gram will give the results with the least work. 

OTHER TYPES OP CURVED- AND INCLINED- 
CHORD TRUSSES 

62. Incllned-Cliord Truss. — Fig 21 represents a type 
of inclined-chord truss in which the jomts of the upper chord 
lie in a straight inclined line from the center to the end of the 
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truss. This type of truss is not now used for bridge purposes, 
but is employed to a great extent for roofs. It possesses 
the advantage that the stresses m the web members never 
reverse; the diagonals are sometimes made tension members 
and sometimes compression; in the truss shown, they are 
tension members. When there is a full live load, or no live 
load on the truss, the stress in every diagonal is tension, 
when the live load covers a part of the span, the live- 
load stresses in the diagonals in the unloaded part of the 
truss are all zero. The method of calculation is precisely 
the same as for the inclined-chord truss explained in Arts. 23 
and following. In finding stresses in the web members by 
the method of moments, it is well to note that the inter- 
section of the chords, which is the center of moments, is 
the end joint of the truss, and that the reaction acts at 
this point. The moment of the reaction about this point is 
therefore zero, and it is unnecessary to compute the reaction. 
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63. Tlie Bowstring Truss. — When the joints of the 
curved chord lie on a curve that passes through the end joints of 
the horizontal chord, the truss is called a bowstring truss. 
Two common types of this truss are represented in Figs. 22 
and 23 as pony trusses. When a bowstring truss is used in 



PiO 22 


a deck bridge, the tipper chord is horizontal and the lower 
chord carved. The curved chord is usually made a parabola. 
The height at the center is sometimes spoken of as the rise. 

When there is a full live load or no live load on the truss, 
the stress in the horizontal chord and the horizontal compo- 
nent of the stress in the curved chord are equal and constant 
from end to end, and the stresses in the diagonals are all zero 
The diagonals in Fig. 22 are tension members, and two are 
required in every panel; one diagonal is in action when one 
end of the truss is loaded with live load, the other when the 
other end is loaded. In Fig 23, the web members are all 
inclined, and, as there is but one set, they will all get alter- 
nate stresses of tension and compression when the truss is 
partially loaded with live load 

Bowstring trusses are not built at the present time to any 
great extent, but there are a large number in use. The theo- 
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retical advantage in the use of this truss lies in the fact that 
the maximum chord stresses are almost constant, this is off- 
set to a great extent by the number of counters required, or 
the reversal of stress in the web members, and the difficulty 
m getting an efficient system of lateral and sway bracing 
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54. TTie Lenticular Truss. — When both chords are 
curved, and the joints he on curves that pass through the 
end joints of the truss, as represented in Fig. 24, the truss is 
called a double bowstrln^¥, lenticular, or flsb-belly 
truss. The curves are usually parabolas; the lengths of 
the verticals vary as the ordinates to a parabola, and the 
action of the chords and diagonals is the same as in the 
bowstring truss represented m Fig. 22. 

The floor may be supported along any of the lines ab^ cd^ 
or /, Fig. 24 In the first case, the floorbeams are supported 
by short posts, in the second they are connected directly 



to the vertical web members, and in the third they are 
suspended from the lower chord by hangers. 

The graphic method by the stress diagram is the shortest 
for this truss as well as for the bowstring truss. In case it 
is desired to determine the stresses in the lenticular truss by 
the analytic method, the work can be considerably shortened 
by drawing the truss to a large scale, and scaling the lever 
arms of the web members about the various intersections of 
the chord members. 


STRESSES IN BRIDGE TRUSSES 

(PART 4) 


MOMENTS AND SHBABS DUB TO 
CONCENTRATED LOADS 


INTRODUCTION 

1, The methods of finding the stresses due to uniformly 
distributed loads covering all or part of the span have been 
fully discussed. It is frequently necessary to determine the 
maximum stresses caused by a system of concentrated loads 
— such as the wheel loads of a locomotive and train of cars, 
street cars, road rollers, etc. — that moves over the span. 
The spacing of the wheels of such a system with respect to 
one another is fixed; the loads on the wheels are usually 
unequal, and the system is movable as a whole. 

In designing trusses and plate girders, it is necessary to 
calculate the maximum moments and shears at several panel 
points, or sections along the span, in plate girders, it is also 
necessary to determine the section where the moment is 
greatest. This involves: (1) the determination of the posi- 
tion of the wheels that will cause the greatest moment or 
shear at any section; and (2) the actual calculation of the 
greatest moment or shear when the wheels occupy the required 
position. In practice, it is customary to consider the loads 
as moving from right to left, coming on the span at the right 
end and going off the span at the left end. This convention 
will be followed here. 
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MAXIMUM MOMENTS AND SHEARS IN SIMPLE 

BEAMS 


MAXIMUM MOMENT AT A GIVEN SECTION 

2. A Single Concentrated Moving Doad. — Let AB^ 
Fig*. 1 («), be a simple beam over which a load JV is mov- 
ing, and let it be required to find the position of the load for 
which the moment at a given section C is a maximum. The 
distance A C will be denoted by a. When W is at any 


A Ml O ^ B 



point D to the right of C, and at a distance x from the right 
end, the reaction is and, therefore, the moment at C 

is or X as IV^ a, and / are constant, the moment 

at C is greatest when x is as great as possible. This occurs 
when X is equal to C, or / — a; that is, when JV is at C. 
When JV is at the left of C at a distance from the left end, 

the moment at Cis equal to X ( / — a), which is a maxi- 

mum when Xi = a, that is, when JV is at C. It is thus seen. 

that the maximum moment at C is equal to X (/ — «), 

and occurs when the load is at C. (See also Strength of 
Materials y Part 1.) 
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3, Influence Dine for Moment, — The variation in the 
bending moment at C when W moves along the beam may 
be represented graphically as m Fig. 1 (^). The horizontal 
Ime A ' having been drawn at a convenient distance 
from AB, the vertical is drawn, representing the 

bending moment at C when JV is at C Since the moment 
at C increases uniformly as the distance of W from the 
right end increases, the line B^ O, drawn straight from B^ 
to will represent the variation in moment as W moves 
from B to C] also, the Ime O A^y drawn straight from O to A\ 
will represent the variation as TV moves from C to A. For 
example, if C'' O represents the moment at C when JV is 
at C, then vertically under By represents the moment 

at C when JV is at B, also, represents the moment at 

C when JV is 2 Lt E 

If the load JV is made equal to unity (as 1 pound or 1 ton), 
and the ordinate C" O is made equal to the maximum 
moment at C for this load, the line A^ C B^ is called the 
Influence line for the moment at C Then, the moment 
at C due to any load JV B is equal to JVX D^\ with a 
load JV at Ey the moment at (2 is JV X E^^ E^ y etc. If there 
are loads JVy. and at the same time at E and Z?, respect- 
ively, the moment at C is equal to JVx X E^' E^ 4- JVa X B'^B^y 
and similarly for any number of loads. The influence line 
is of great value m determining the position of a system of 
loads for which the moment or shear at a given section of a 
beam or truss, or the stress in a member, is a maximum. 

4. Two Concentrated Toads. — Let A By Fig. 2 {a), 
be a simple beam over which the loads JV^ and JVm are 
moving. These loads are assumed to be at a fixed 
distance d apart. It is required to find the position of the 
loads for which the moment at a section C, distant a from ^e 
left end of the beam, is a maximum. The influence line for 
the moment at the section C is A' C B\ Fig. 2 {b). Let 
and ya' represent the ordinates under JVy. and JV^y respectively- 
As the loads approach C from the right, both W and y. 
increase until W, reaches C, when the moment is equal to 
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IV.yx + Fig. 2, (c) and (^). As the loads move 

farther to the left, y^ decreases and y, increases, and the 
moment at C increases or decreases according as IV^y^ 
decreases less or more than JV^y, increases. When is 
at a distance d to the left of C, Fig. 2 (c), let yi" and y/^ be 
the ordinates to the influence line corresponding to and IK, 





respectively, and let be the difference between yi and j/i''; 
and Sty the difference between yt and j/,". Then, the total 
change in moment is equal to + — IK-sr,. The similar 

triangles A' O and Dy, Oy Fig 2 {d)y give 
DyEy'.EyC = Oa^ ' 
that is, : d = yi • A' C"; 

whence ^ X 

A' C" 
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Likewise, from the similar triangles B> C C" and Dt E, Ft, 


sr. = ^ X 


B'C" 

Substituting these values for Zx and Zt, the change in 
moment becomes 

(‘X ^) - (' X 5?-) - * 

The moment at C will be increased if the change in moment 
is positive, and decreased if the change is negative; it is 

positive when is greater than ■, and negative when 




B'C' 

is less than 


W. 


A' C'^ 


A' O' 

In other words, the moment at C 


will be increased if the right-hand load divided by the nght- 
hand portion of the span is greater than the left-hand load divi- 
ded by the left-hand portion of the span, and decreased if the 
former quotient is less than the latter. Then, if the change m 
moment is negative, the maximum moment obtains when 
Wx is at C; if positive, the moment will increase until 
reaches C, when it is a maximum; for, when passes C, 
both yx and and, therefore, the moment at C, decrease. 
Hence the following principle: 

The maximum bending moment caused at any given section 
of a beam by two concentrated moving loads obtains when one 
of the loads is at the section If the right-hand load divided 
by the length of the right-hand poi^tion of the beam is 
greater than the left-hand load divided by the length of the 
left-hand portion of the beam^ the moment is a maximum 
when the right-hand load is at the section; if the left-hand 
load divided by the left-hand portion of the beam is the greater^ 
the moment is a maximum when the left-hand load is at the 
section. 

If the loads are equal, this principle will always bring the 
left-hand load at the section when the section is at the left 
of the center, and the right-hand load when the section is at 
the right of the center. 

To find the value of the bending moment at C, the left 
reaction Rx may first be found by taking moments about B. 
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Then, if JVi is at C, the moment is equal to X a; if is 
at C the moment is equal to X a — JVi X 

Example — A beam 40 feet long supports a system of two con- 
centrated loads 8 feet apart The left-hand load is 10,000 pounds, 
and the nght-hand load is 16,000 pounds. What are the max- 
imum moments {a) at a section 10 feet from the left end? (6) at 
the center? 


Solution — (a) The length of the left-hand portion of the beam is 
10 ft , that of the right-hand portion is 30 ft Then, 

10,000 -t- 10 = 1,000 and 16,000 ^ 30 = 600 
As the first is the greater, the moment is a maximum when the 
left-hand load is at the section Then, 

10,000 X 30 -f- 16,000 X 22 




40 


15,760 lb. 


and the bending moment is equal to 

16,750 X 10 = 167,600 ft.-lb. Ans. 

(5) The left-hand and right-hand portions have each a length of 
20 ft. Then, 

10,000 - 20 = 600 and 16,000 20 = 760 

As the second is the greater, the moment is a maximum when the 
right-hand load is at the center. Then, 

^ 10,000 X 28-1-15,000 X 20 . . 

40 “ 14,600 lb. 

and the bending moment is equal to 

14,600 X 20 - 10,000 X 8 = 210,000 ft.-lb Ans. 


6# Any Number of Concentrated Hoads. — ^When the 
system consists of more than two loads, the method of treat- 
ment is practically the same as for two loads; the moment at 
a given section is a maximum when one of the loads is at the 
section. Let AB^ Fig. 3 {a), be a simple beam over which 
a system of concentrated loads is moving, and let it be 
required to find the position of the loads when they cause the 
greatest moment at C, at a distance a from the left end. Let 
A' C' B\ Fig. 3 id)y he the influence line for the moment 
at Cy and let etc. be the ordinates corresponding to 

Wxy W,y etc., respectively As the loads move across 
the beam and Wx approaches C, the bending moment at C 
increases imtil Wx reaches C when it is equal to Wxyi 
+ . . . -H Wnyn* When Wx passes C, the moment 

due to it decreases, and that due to the remaining loads 
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increases; it can be shown, as in Art. 4, that the change in 
moment is equal to 





IV.+ . . .W„ 
B'C" 


W, \ 
A' a>) 


W, + --Jii is less than the moment 

decreases after passes Q and is therefore greatest 



when W. is at O, if the former of these two fractions is 
greater than the latter, the moment increases until W. 
reaches C When W. passes C the change in moment is 

equal to 


bXy 




+ 


B'C" 


A'C" 
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If 


»; + + ... IK 

B'C" 


is less than 


A' C' * 


the moment 


decreases after IK passes C and is therefore greatest when 
IK is At C; if the former of these two fractions is greater 
than the latter, the moment increases until reaches C, etc- 
Suppose, in this case, that the moment increases after PK 
and JV, pass C, and decreases after passes C; then, the 
moment is greatest when JV 3 is at C [see Fig. 3. (c) and (d )] . 
Then, 


^ IS less than 
A^ O' 


W3+W. + . . .Wn 
B' O' 


from the condition that the moment increases after 
passes C until W3 reaches C; and 


^ is greater than 
A' 


W,+ Ws + . . , Wn 
B' O' 


from the condition that the moment decreases after 
passes C. 

The quotient obtained by dividing the sum of all the loads 
on a part of a beam by the length of that part will be ref ei red 
to as the average intensity of load on that part of the beam. 

From the preceding discussion, the followmg general 
principle may be stated: 

The maximum bendzng momeut caused at a given section of a 
beam by a system of moving concentrated loads obtains when suck 
a load IS at the section that^ when it is counted with the loads on 
the rights the average intensity of load on the right is greater 
than the average intensity of load on the left, and when it is 
counted witU the loads on the left^ the average intensity of load on 
the left is greater than the average intensity of load on the right. 

When the loads are in this position, if part of the load at 
the section is counted with the loads on the left and the sum 
is called and the remainder counted with the loads on 

the nght and the sum called Wr, it is possible to make — 


equal to Putting — = and denoting the sum of 

I— a a I— a 

all the loads on the span by I we have 

Wr= 2 Wi, 
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and, therefore, 

W- JV,, 
a 1 — a ' 

whence 

Wi X = I W- W„ 

a 

or 

t 

1 

II 

I 

and WiX- 

a 

a 1 1 


The principle just given may therefore he stated more 
simply as follows: 

The 7naximum bending moment caused at a given section of a 
beam by a system of moving concentrated loads obtains when 
such a load is at the section thai^ if part of it is counted with 
the loads on the left^ the average intensity of load on the left is 
equal to that on the whole beam. 

As Wi is equal to the sum of all the loads to the left of C 
plus a part of the load at C, the sum of all the loads to 

the left of C must be less than Wi^ otjX2!W, and this sum 

added to the load at C must be greater than or J X 2 W. 

If the system is such that all the loads are on the beam when 
the moment is a maximum, Wi may be found directly from 

the formula Wi = ^X ^ W. If the system is such that some 

of the loads are o£E the beam when the moment is a maxi- 
mum, the correct position may be found by trial by placing 
several of the heaviest loads at the section successively to 
see which fulfils the condition. It will frequently be found 
that several positions of the loads will satisfy the conditions 
for a maximum (on account of the fact that loads pass off at 
the left end and on at the right end as the loads move to the 
left to occupy the different positions); in this case, the actual 
value of the moment must be calculated for each position 
that satisfies the conditions, in order to determine which 
position causes the greatest moment. A load that comes 
exactly at or ^ when one load is placed at C should be 
considered as off the span. 
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6. Value of the Moment. — If IV x represents the 
moment about B of any load at a distance x from the righ 
end, the moment of all the loads on the span about B maj 

be denoted hy ^ Wxj and the left reaction by ^ ^ 

JVd represents the moment about C of any load to the lef 
of C at a distance b from C, the moment of all the loads oi 
the left end about C may be written S IV b. Then, the bend 

ing moment sit C a — 2 IV b] that is, y X ^ TVx — 2 IVi 

Example 1 — A beam 60 feet long supports the system of movin; 
concentrated loads represented in Fig. 4. To find the maxi mu r 


moment 

(ir) at a point 10 feet from the left end; 

(6) 

at the centei 

000 

1 

1 « 

k 

i 

1 

L 

i: 


S 'p S V 

J 

e' j 

1’ 


Fio 4 


'1 


Solution — {a) As the system of loads is much shorter than th 
beam, it may be assumed that all the loads will be on Thet 

SJV = 49,000 lb, 49,000 = 9,800 lb., R 

= 6,000 lb , and = 16,000 lb As one value is less and th 

other greater than 9,800 (Art 6), the moment is a maximum whe 
W% IS at C Then the distances of the various loads from the ngl 
end are 48, 40, 36 , 30, 24, and 18 ft , respectively, and 
i?x = (6,000 X 48 + 10,000 X 40 + 10.000 X 36 + 8,000 X 30 + 8,000 X 5 
-f- 8,000 X 18) 60 = 31,320 lb 

The bending moment is equal to 

31,320 X 10 - 6,000 X 8 = 273,200 ft -lb Ans. 

OR 

(d; In this case, X 49,000 = 24,600 lb The sum of Ji 

and 1V^ is 16,000 lb , of JVr, JT*. and fTo. 26,000 lb As one value 
less and the other greater than 24,600, the moment is a maxim u 
when Wa is at C Then, the distances of the loads from the rig 
end are 38, 30, 26, 20, 14, and 8 ft , respectively, and 

= (6 , 000 X 38 -h 10, 000 X 30 + 10 ,000 X 26 + 8,000 X 20 + 8.000 X 
+ 8,000 X 8) + 60 = 21,620 lb. 

The bending moment is equal to 
21,620 X 26 - (6,000 X 13 + 10,000 X 6) « 423,000 £t.-lb. Ans. 
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Example 2.— With the same system of loads as in the preceding 
example, what is the greatest moment at the center of a beam 
25 feet long? 


Solution —In this case, the system of loads is longer than the 
beam, and some loads will be off, the position that causes the greatest 
moment will be determined largely by tnal 

When IS at the center, IVt and W, are on the beam Then, 

= y X T W" = X 16,000 = 7,600 lb 

As this IS larger than the moment is not a maximum when Wj, 
is at the center 

When W, is at the center, 1V^, W„ and are on the beam. 
Then, 

=> ^ X 33,000 = 16,600 lb 


As this IS larger than + W, (16,000 lb ), the moment is not a 
maximum when is at the center. 

When fTa IS at the center, and axe on the beam. 

Then, 

^ X 36,000 = 18,000 lb. 


As this is larger than IV^ (10,000 lb ) , and smaller than JV^ -f- 
(20,000 lb ) , the moment is a maximum when is at the center 

When JF* IS at the center, and IV^ are on the 

beam Then, 

= 44,000 = 22,000 lb. 


As this IS larger than (20,000 lb), and smaller than 

Wi + Wa + W 4 , (28,000 lb ), the moment is also a maximum when U\ 
IS at the center 

When is at the center, JFa, ^*, and are on the beam 
Then, 

W', = ^ X 34,000 = 17,000 lb 

As this IS less than + JV^. (18,000 lb ), the moment is not a 
maximum when is at the center 

There are then two positions that satisfy the conditions for maxi- 
mum moment, namely, when JPa is at the center, and when W 4 . is at 
the center It is necessary to calculate both values 

When Wi is at the center, 

„ 10.000 X 17 6 + 10,000 X 12 6 -h 8,000 X 7 5 + 8,000 X 1 6 

“ 26 
= 14,880 lb 

The bending moment is 

14,880 X 12 6 - 10,000 X 6 = 136,000 ft.-lb. 
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When JV^ is at the center, 

= (10,000 X 22 6 + 10,000 X 17.6 -f 8,000 X 12.6 + 8,000 X 6.6 
+ 8,000 X 0 6) 26 = 22,240 lb 

The bending moment is 

22,240 X 12 6 - (10,000 X 10 + 10,000 X 6) = 128,000 ft -lb 
Therefore, the moment at the center is greatest when is at the 
center, and is equal to 136,000 ft -lb Ans 


EXAMPLES EOR PRACTICE 

1. A beam 60 feet long supports a moving load consisting of two 
concentrations 10 feet apart The left-hand load is 12,000 pounds, and 
the right-hand load is 18,000 pounds What is the maximum moment: 
(a) at a section 10 feet from the left end? (6) at the center? (^;) at a 
section 40 feet from the left end? f (a) 204,000 ft. -lb. 

Ans \ (6) 316.000 ft -lb. 

1(0 216,000 ft -lb. 

2 A beam 60 feet long supports a moving load consisting of two 
concentrations of 10,000 pounds each at a distance of 8 feet apart. 
What is the maximum moment at a section 20 feet from the left end ? 

Ans. 208,000 ft.-lb. 

3. A beam 36 feet long supports a moving load consisting of the 
system shown in Fig 4 What is the greatest moment {a) at a sec- 
tion 10 feet from the left end? {d) at the center? 

((a) 203,100 ft -lb. 

l(^) 239,260 ft.-lb. 

4. A beam 30 feet long supports a moving load consisting of the 



Fxo 6 


system shown in Fig 6 What is the greatest moment, (a) at a sec* 
tion 26 feet from the left end? (6) at the center? 

247,600 ft.-lb, 
{(d) 430,000 ft.-lb, 
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SECTION OF MAXIMUM MOMENT IN A BEAM 
7. Any Number of Ijoads. — ^As a system of concen- 
trated loads moves across a beam, there is a section where, 
under a certain position of the loads, the moment is greater 
than occurs at any other section under any position of the 
loads. The method of determining the location of this 
section will now be considered. 

Let A By Fig. 6, be a simple beam over which a system of 
concentrated loads is moving, and let it be required to find 
the section where the moment is a maximum as the loads 
move across the beam. The greatest bending moment 
will occur under one of the loads, and it is necessary to 
determine the position of the system for which the bending 
moment under any one of the given loads is a maximum. 



Fio 6 


Let C be the position of W> when the bending moment under 
IV, IS a maximum, and let A C = a The left reaction R, is 

denoting by ;c the distance of any load from the right- 

hand support. It IW represents the sum of all the loads 
on the beam, and x, the distance from the right end to the 
center of gravity of these loads, then 
IlVx = XoIJV, 


and, therefore, R, = The sum of the moments of 

the loads on the left end about C is IlVd, denoting by b the 


distance of any of those loads from C 
at C is equal to Rx X a — IW by 


The bending moment 
ax.SW _ 

I 


This expression is a maximum when a.*-, is a maximum, 
that IS. when at, = a, or when C is the same distance 


I L T 334—18 
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from A as the center of gravity of the loads is from B- in 
other words, when C and the center of gravity of the loads 
are equidistant from the center of the beam.* Whence the 
principle: 

The maximum moment under a load occurs when that load and 
the center of gravity of all the loads on the beam are equidistant 
from the center. 

This principle, in connection with the principle that the 
loads on the left of the section of maximum moment must 


satisfy the condition Wt ■= 2 W (Art. 5), serves to 

determine the greatest bending moment in the beam. 

In applying the preceding principles, the required position 
of the loads must be determined largely by trial. If the 
system of loads is longer than the beam, some of the loads 
will be oflE when the moment is a maximum. In such a case, 
it will be well to remember that the section of maximum 
moment will usually be close to the center, the position 
of the loads, when the moment at the center is a maximum, 
may be found as explained in Art. 6. The position of the 
center of gravity of the loads on the beam for this condition 
may be calculated, and the loads placed accordmg to the 
principle ]ust given, placing them first so that the center of 
the span is half way between the center of gravity and the 
nearest load, then the next nearest, etc., until a position is 
found that satisfies all the conditions for maximum moment. 
If, when the loads occupy the required position, there are 
more or less on the beam than those for which the center of 
gravity was computed, it will be necessary to compute anew 
the location of the center of gravity of the loads then on 
beam, and rearrange them. In case more than one position 
of the loads satisfies the conditions for the maximum bendmgr 


*Let the distance from the center of gravity of the loads to C be rep- 
resented by/, Fig 6; then, -f « = / - /. which may be called^ also, 

X, =‘ c — a, and ax^ = a (c — a) = ac — a' — ”■ (® 2/ ’ 

this is a maximum when the negative term is zero, that is, when 


« - £ = 0. whence s - | and, therefore, « 

A ^ 
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moment, it will be necessary to compute the bending moment 
for each position m order to find the greatest moment. 


8» Vttliie of tlie Moment.— In Art. 7 it was stated 

that the bending moment at C is equal to ^ 2 Wb. 

I 

For the tnaximum bending moment under a load, we have, 
since in this case 


M = 


x'S IV _ ^ 


Example 1 — A beam 50 feet long supports the system of moving 
concentrated loads shown m Fig 4. What is the location of the sec- 
tion of maximum bending moment, and the value of the moment ? 

Solution — As this system of loads is much shorter than the beam, 
it may be assumed that all the loads will be on when the moment is 
greatest The center of gravity may be found by taking moments 
about Wat its distance from IVa is 

6, 000 X 30 +10, 000 X 22 + 10, 000 X 17 + 8.000 X 12 + 8,000 X 6 + 8,000 x0 

49,000 
= 13 96 ft 

The center of gravity is 1 96 ft to the left of W 4 , and 3 04 ft. to the 
right of JVa. As IV 4 . is nearer, it will be tned first 

When W 4 , and the center of gravity are equidistant from the center, 

1 06 

= a 26 + ^ = 25 98 f t 

and jXi:fF=?||^X49.000 = 26,600 lb. 

jfr^+ W,+ JV, = 26,000 lb , Wi+ JV, + W.+ 1V^ = 83,000 lb. As 
one of these sums is less and the other greater than 25,500 lb , the 
moment is a maximum under 
The bending moment is 

26 88’'x49,000 = 421, 600 ft -lb 

50 

When IVa and the center of gravity are equidistant from the center, 
;r, = a = 26 - ^ = 23 48 ft 

and jX21V= ^ X 49,000 = 23,000 lb. 

= 16,000 lb , W,+ V,+ lV, = 2B,mib As one of these 
sums IS less and the other greater than 23,000 lb , the moment is a 
maximum under IVa 

The bending moment is 

23 48* X 49,000 _ qqq x 13 + 10,000 X 5) = 425,300 ft -lb. 
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If any other loads are tried, it will be found that they do not sat- 
isfy the condition for maximum moment The section of maximura 
moment is, therefore, 23 48 ft from the left end, and the bending 
moment at that section is 425,300 ft -lb Ans 

Example 2.— A beam 26 feet long supports the system of moving 
loads shown in Fig. 4 What is the location of the section of maximum 
moment, and the value of the moment? 


Solution — As the system of loads is longer than the beam, some 
of the loads will be off the span when the moment is a maximum In 
example 2, Art. 6, it was shown that the condition for maximum 
moment at the center of this span for the same load is satisfied when 
JVa is at the center, and when JV^. is at the center, it will, therefore, be 
unnecessary to repeat the demonstration here. 

When IVa is at the center, JV^, and JV^ are on the beam, 
and the distance of the center of gravity of these loads from Wb is 

10,000 X 16 + 10,000 X 11 + 8,000 X 6 + 8,000 X 0 _ ^ 

36,000 - » Sd ft. 

The center of gravity is 2.83 ft to the left of and 2 17 ft. to the 
right of IVb As Wb Is nearer, it may be tried first 

jr. = a = 12 6 - ^ = 11 42 ft. 

Then, jXSJV= X 36.000 = 16,400 lb 


As this is greater than Wb and less than Wb-{- Wb, the moment is s 
maximum under Wb, and is equal to 

11 42" X 36,000 _ QQQ ^ g ^ 137,800 ft -lb. 


When W 4 . and the center of gravity are equidistant from the center 
jir. = a = 12 6 -1- ^ = 13 02 ft 


and jXSW= X 36,000 = 20,000 lb 

As this is less than Wb l^s + Wt, and equal to IPa + Wat th 
moment is a maximum under W 4 ,, and is equal to 

13 92* X 36^ _ QQQ X 10 + 10,000 X 6) = 129,000 ft -lb 

The fact that j X I W is equal to Wa + Wa m this case means thal 

after Wb passes C, the moment neither increases nor decreases unt 
Wb reaches C, after which it decreases 

When Wb is at the center, Wb, Wb, Wb, Wb, and Wb are on the beam 
and the center of gravity of these loads is 

10.000 X 22 + 10,000x17 + 8,000X12 + 8,000 X 6 + 8.000 XO _ _ - . . 

44,000 " 

from Wat or .14 ft. to the left of WbI then C will be 07 ft to the rigl: 
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of the center, and for all practical purposes it may be assumed to be 
at the center The moment at the center under iv^, has already been 
found (example 2, Art 6) to be equal to 128,000 ft -lb It is unneces- 
sary to try any other positions 

From the foregoing, it is seen that the maximum moment occurs 
under JVnt when that load is 11 42 ft from the left end, and the moment 
is equal to 137,800 ft -lb Ans 

9. Comparison. — In example 2, Art. 6, it was found 
that the maximum moment at the center of a 25-foot beam 
for the same loading as in the preceding example is about 
1 3 per cent, less than the actual maximum moment just 
found, and in example 1, Art. 6, it was found that the maxi- 
mum moment at the center of a 60-foot beam for the same 
loading IS about .6 per cent, less than the actual maximum 
moment just found In any case, the actual maximum 
moment is very little larger than that at the center, and, for 
all spans above 50 feet in length, with the ordinary condi- 
tions of loading, the latter is sufficiently accurate for all 
practical purposes. For spans up to about 50 feet, it may 
be desirable to compute the actual maximum. 

10. Special Cases. — The following principles are but 
special cases of the general principle stated in Art. 8: 

1. The maximum moment in a beam supporting two unequal 
loads will occur under the heavier load when that load and the 
center of gravity of the two loads are equidistant from the center 
of gravity of the beam, 

2. The maximum moment in a beam supporting two equal 
loads will occur under either load when the two loads are on 
opposite sides of the center and one of the loads is at a distance 
from the center equal to one-fourth the distance between the loads. 

3. In case a beam that supports two loads is but little longer 
than the distance between the loads, it may happen that one of the 
loads placed at the center of the beam will cause a greater moment 
than if the two loads are arranged as described in the first 

principle. 

Example 1 -A beam 24 feet long supports two moving loads 6 feet 
apart the left-hand load is 8,000 pounds, and the nght-hand load is 
4;000 pounds What is the locaUon of the section of maximum moment, 
and what is the value of the moment? 
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Solution — The center of gravity is 

8,000 X 6 ... 

12,000 ^ 

from the nght-haud load Then the section of maximum moment is 
1 ft to the left of the center, therefore, a = = 11 ft , and the moment 


is equal to 


11* X 12,000 
2i 


60,600 ft -lb Ans. 


Example 2 — A beam 26 feet long supports two equal moving loads 
of 10,000 pounds each, 6 feet apart What is the location of the section 
of maximum moment, and what is the value of the moment? 


Solution — As the beam supports two equal moving loads, the 
second pnnciple applies in this case One-fourth the distance between 
the loads is 6 4 = 1 6 ft , and the section of maximum moment is 

therefore under either load when that load is 1 6 ft from the center of 
the beam At this section, 

a = y - 1 6 = 11 ft., 
and the moment is equal to 


11* X 20,000 
26 


96,800 ft -lb Ans. 


Example 3. — A beam 8 feet long supports two moving loads 6 feet 
apart The left-hand load is 6,000 pounds, and the right-hand load is 
4,000 pounds What is the location of the section of maximum moment, 
and what is the value of that moment? 


SoLXJTiON — The distance of the center of gravity of the two loads 
from the nght-hand load is equal to 
6,000 X6 
6,000 4- 4,000 “ 

and the distance from the left-hand load is 5 - 8 = 2 ft Appl3dng the 
first pnnciple for a maximum moment, the load of 6,000 lb will be 

o 

2 - 2 = 1 ft to the left of the center of the beam, and „ — 1 = 3 ft from 
the left end of the beam That is, a = jtTo = S ft., and the moment is 


3* X 10,000 
8 


11,260 ft -lb. 


As the beam is but little longer than the distance between the loads, 
according to the third pnnciple it may happen that the maximum 
moment will occur when one of the loads is at the center of the beam. 
When the load of 6,000 lb is at the center, the load of 4,000 lb will 
be off the beam, and the maximum moment will be equal to 


4* X 6,000 
8 


12,000 ft.-lb. 


As this value is greater than the one just found, the section of max- 
imum moment is at the center, and the moment is 12,000 ft -lb. Ans. 
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EXAMPLES FOR PRACTICE 


1 A beam 60 feet long supports the system of moving concei 

trated loads shown m Pig 6 \a) What is the location of the secbo 

of maximum moment? (d) What is the value of the maximui 
moment? . / (a) At 28 90 ft. from the left en 

l(^) 1,378,400 ft. -lb. 

2 A beam 30 feet long supports the system of moving concer 

trated loads shown m Fig. 6 (a) What is the location of the sectio 

of maximum moment? (^) What is the value of that moment? 

Ana / At 14 6 ft from the left enj 
1(d) 430.500 ft -lb 


3 A beam 30 feet long supports two moving loads 8 feet apart 
If the left-hand load is 30,000 pounds, and the nght-hand loac 

26,000 pounds, find, (a) the location of the section of maximun 
moment, (d) the value of the moment 


Ans 


At 13 18 ft from the left enc 
d) 318,600 ft -lb 


4. Two loads 6 feet apart are moving over a beam 10 feet long 
If the left-hand load is 20,000 pounds, and the nght-hand load u 

10,000 pounds (a) what is the location of the section of maximum 
moment? (d) what is the value of that moment? 


Ans 


At the center 

60,000 ft -lb. 


MAXIMUM SHEAR AT A QITEN SECTION 

11. SlHgrle Moving: Doad. — Let AB, Fig. 7 (a), be a 


it o a 



simple beam supporting the moving load and let it be 
required to find the position of the load for which the shear 
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at the section C, at a distance a from the left end, is a maxi- 
mum When W is at any point to the right of C, at a 
distance x from the right end, the shear at C is positive and 

equal to the left-hand reaction when W is at any point 

to the left of C, the shear at C is negative, and equal to 

-JV=- That is, as IVpasses on the beam 

£ £ 

at B and moves toward C, the shear at C increases uniformly 
until JV is at C; as IV passes C, the shear suddenly changes 
from positive to negative; and, as I^approaches ^4, the shear 
uniformly approaches zero. The shear at C is, then, a 
maximum when JV is at C 

12. Influence Dine for Sliear. — The variation in shear 
at C as JV moves over the beam may be represented 
graphically, as in Fig. 7 (d). The horizontal line 
having been drawn at any convenient distance from ^ B, the 
vertical line C'' C' is laid off above B^, equal, by scale, to 

and C" a IS laid o£E below A' B' equal to 
I I 

then, B^ C represents the variation in shear at C as moves 

from B to C and represents the variation as removes 

from C to A. If the ordinates O and C' are made 

equal to the shear at C due to a load of unity, the line B^ O A^ 

is called the influence line for the shear at C 

13. Any Numb'ox-’ of Doads. — lu^tAB^ Fig. 8 (a), be 
a beam supporting a system of moving concentrated loads, 
and let it be required to find the position of the loads when 
they cause maximum shear at the section C at a distance u 
from the left end. As the loads come on the beam at B and 
move toward the left, the shear at C increases until 
reaches C\ it is then equal to and may be denoted by F, 
If the sum of the loads then on the beam is 2 JV, and the 
distance from their center of gravity to the right end is Xoy 

then Bx = F, = y X When JVx passes C, the shear 

suddenly decreases, and, when JVx is at a distance k to the 
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left of C, is equal to ^ X ^ IV — IVi, As the loads 

move farther to the left, k, and, therefore, the shear at C, 
increase until W, is at C. If a?, is the distance from IV^ to 



Pig 8 


PFa, the shear when IVa is at C, which may be called Fi, is 

equal to — X 2' IV — Wi, the difference between V, and 
/ 


Vt being — X^'W—lVi. If this difference is negative, V, 
I 

is less than P'., and the shear is a maximum when IV is 


at C; if positive, F, is greater than F. Suppose, in this 
case, that the shear is greater when IV, is at C than when IV 
is at C Then, when IV, passes C, the shear again suddenly 
decreases, and, when IV, is at a distance k to the left of C, is 
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equal to ^ X 2 W— ( IVi + IVt); as the loads move 

to the left, k increases, and, therefore, the shear increases 
until IS at C If is the distance from to the 
shear at C when is at C, which may be called is equal to 

the difference between V, 

and V, being y X 2! JV — W,. If this difference is negative, 

Vt IS less than , and the shear is a maximum when is 
at C if positive, V, is greater than Va. By proceeding in 
this way, it will be found that, when some load Wn is at C, 
the shear Vm is less than the shear Vn-t when the preceding 
load Wh -1 is at C. Then, the shear at C is a maximum when 
IS at C. By trying the first two or three loads of a 
system successively at the section, the position of the loads 
for maximum shear is readily found. As all loads to the left 
of the section decrease the shear, there will usually be very 
few, if any, in that position. 


14. Special Conditions. — In case some of the loads 
pass off the beam or others come on as the loads move to 


o 




stt 

.5 o o o o' 




\ 

<a) 
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PiQ 9 

the left, the value oi I! JV will change The manner of 
treating such cases will be shown by the following two 
illustrations. 
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Starting with IT, at C, Fig. 9 {a), let it be assumed that, 
when the loads move a distance to the left, passes oflE 
‘■he beam and Wn comes on [Fig. 9 (^)]. Taking I Was the 
sum of all the loads, exclusive of and W„, the increase 

in shear is ^ X W + The load Wi caused a posi- 

i t 

tive shear at C equal to — when it was at C\ its effect 
after the loads move a distance to the left is zero; then 
the decrease in shear is The total increase is, there- 
fore, y X -T PF + if this expression is nega- 

tive, the shear decreases, and is a maximum when Wx is at C\ 
if positive, the shear increases, and is greater when is 
at C than when Wx is at C, 

Starting with at C, Fig. 10 (a), let it be assumed 
that Wx is still on the beam but passes off when the loads 



•a 




^ Wq w. \ ^ 

G)G) cl lO O O O 


I 


(a) 


B 




move to the left, and that, when Wa is at C, W, is still on the 
beam, no loads coming on at B [Fig. 10 (^)]. Here, 2 W^ 
will be taken as the sum of all the loads exclusive of Wx> 

The shear when is at C is ^ X — W^ ana, 
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when W, is at C, it is x 2’ IV' - IV., the difEer- 

ence being 2 W' - + If this difference 

IS negative, the shear is decreased; if positive, it is increased. 

The student should fatniliarize himself with the principles 
just outlined, and not try to remember the expressions as 
formulas, as each case that arises will probably be somewhat 
different from those here assumed. 


16. Value of tlie Slieai*. — When the position of the 
loads has been determined, it is easy to calculate the value 
of the shear If JVx represents the moment of any one of 
the loads about the right end, and IVi the sum of all the 
loads on the left of the section, the shear is equal to 

IlVx 
I 


- Wt 


16. Section of Maximum Shear. — The shear is a 

maximum at the section where the value of ^ — Wt is 

greatest; this is just to the right of the left end, and for all 
practical purposes may be taken at the left end, at that sec- 
tion, Wt is zero and Z W x ^ maximum. 


Examplb —A beam 40 feet long supports the system of moving 
loads shown in Fig 4 What is the maximum shear [a) at the left 
end? {d) at a point 10 feet from the left end? 

Solution — (a) When is at the left end, all the loads are on the 
beam, when they move to the left, Wi passes off Then, if the loads 

g 

move 8 ft until IV, is at the end, the increase in the shear is X 44,000 


= 8,800 lb , and the decrease is 

6,000 X 40 


40 


- = 6,000 lb 


The shear is therefore greater when Wa is at the end If the loads 
move 6 ft more to the left until Wa is at the end, the increase in the 

shear »s ^ X 84,000 = 4,260 lb , and the decrease is 10,000 X ^ 

= 10,000 lb The shear is therefore greater when IV 2 is at the end, 
and its value is 

= (10,000 X 40 + 10,000 X 86 + 8,000 X 30 + 8,000 X 24 
+ 8,000 X 18) -r 40 = 33,160 lb. Ans 
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{d) When is at C, 10 ft. from the left end, W, is at the right 
end, and, since it will come on the span if the loads move to the left, 
it may be considered as a part oi S IV Then, if the loads move 8 ft, 

to the left, the increase m shear is ^ X 49»000 = 9,800 lb , and the 

decrease is 5,000 lb If the loads move 6 ft farther to the left, the 
increase in shear is 

^ X 44,000 + ^ X B.OOO = 6,760 lb , 

and the decrease is 10,000 lb Therefore, the shear is a maximum 
when Wi is at C, and its value is 

- fTi = (5,000 X 38 + 10,000 X 30 + 10,000 X 26 + 8,000 X 20 
+ 8,000 X 14 + 8,000 X 8) 40 - 6,000 = 21,900 lb Ans. 


EXAMPLES FOB PRACTICE 


1 A beam 60 feet long supports the system of moving concentrated 
loads shown in Fig. 6 What is the maximum shear {a) at the left 
end? (d) at a section 6 feet from the left end? {c) at a section 15 feet 


from the left end? {d) at the center of the beam? 


Ans 


92.400 lb 
78,900 lb 
60,600 lb 

26.400 lb 


2. A beam 40 feet long supports the system of moving concentrated 
loads shown in Fig 5 What is the maximum shear (a) at the left 
end? (d) at the center? a J (a) 81,760 lb 

\(^) 23,0001b 


CONOENTRATBD-IjOAD moments and shears 
IN TRUSSES 


MAXIMUM MOMENT AT A JOINT 

17. Joint on the Loaded Chord. — In order to find 
the maximum moment at a joint of a truss, due to a system 
of moving concentrated loads, it is necessary first to find the 
position occupied by the loads for which the moment at the 
joint under consideration is a maximum. For this purpose, 
It will be well to consider the manner in which concentrated 
loads are transmitted to the panel points and abutments. 
Let JV, Fig. 11, be any load moving over a bridge ^.5, when 
it is at a fioorbeam, it is wholly transmitted to one panel 
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point; when it is between two floorbeams, it is distributed 
between the two adjacent panel points. In the latter case, 
the amount that goes to each panel point may be found by 
resolvmg IV into two components acting vertically through 

N and M, whose values are, respectively, Wn — Wx-r and 

P 

Wm = JVX-- To find the reaction at either end, and 

P 

Wm may be multiplied by their respective distances from the 

other end, and the 
sum of the products 
jj divided by the length 
of the span, as, how- 
JJg ever, W is the result- 
ant of Wn and Wm^ 
the moment of W 
about any point (such 
as Wx about B) is 
_r the same as the 

„ B 

sum of the moments 
“ of Wn and Wm about 

the same point. The resultant moment of these components 

about B is Wn{x -- n) + Wm(x m) = W— X {x — n) 

P 

•V W^X {x ^ m) — Wx, The reactions and bending 

moments at the panel points can, therefore, be found with- 
out computing the panel loads. 

The load in the end panel is transmitted partly to the first 
panel point of the truss and partly to the abutment: the 
former is supported by the truss; the latter goes directly to 
the abutment from the stringers, or, if there is an end floor- 
beam, this transmits it to the end joint of the truss. In 
either case, it simply increases the reaction, and causes no 
stresses in the members of the truss (except the vertical end 
post of a deck truss), and for this reason the half-panel load 
at the end was omitted in calculating moments and shears 
{Stresses in Bridge Trusses, Parts 1, 2, and 3). In the present 
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case, this portion of the load will be different for each dif- 
ferent position of the loads, and it will be more convenient 
to compute the reaction for all the loads on the span, mclu- 
ding: those in the end panel, in exactly the same way as has 
already been done in the case of a simple beam. Then, the 
maximum moment at any joint of the loaded chord of a truss 
is the same as the maximum moment at the corresponding poi7ii 
of a simple beam of the same span similarly loaded. The 
broken line O B', Fig. 11 (^), is the influence line for the 
moment at C 

18. Moment on Unloaded Chord. — In the Pratt and 
other types of simple trusses, in which the joints of the 
unloaded chord are vertically opposite those of the loaded 
chord, the moment at any joint of the unloaded chord is the 
same as that at the opposite joint of the loaded chord. In 
the Warren and other types of trusses in which the joints of 
the unloaded chord are not vertically opposite those of the 
loaded chord, the calculation of moments at the joints of 
the unloaded chord requires special consideration. 

19. Single Moving Load, — The variation m moment 
at a joint of the unloaded chord of a Warren truss can best 



be illustrated by considering the effect of a single moving 
load, such as W, Fig. 12 («). Ks W moves from B to E, 
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the moment at C is equal to Ri X a; if x is the distance 
qf IV from B when IV is between B and Rt is equal to 

and, as x increases uniformly, the moment at C, which 

I 

W X 

is — — X a, increases uniformly until W reaches E. The 

variation in moment at C as W moves from ^ to is repre- 
sented by B^ E, Fig 12 (^) When W is between E and Z?, 
a portion of it, Wd^ is transmitted to D, and the remainder, 

Wb, to E\ then, the moment at C is equal to Z?, X a — Wd X^ 

It has been shown that RiX a increases uniformly as W 
moves toward the left; if js represents the distance of W 

IV 2 

from Ej then Wn is equal to , and, as s increases 

P 

uniformly, Wny and therefore Wd X must increase 

M 


uniformly, hence, the diflEerence between R^Xa and IVd X ^ 

2 


must change at a uniform rate; that is, the influence hue 
from E to D must be straight. The variation m moment 
at C as W moves from E to D represented by E D\ 
Fig. 12 (^). When W is at the left of Zl, it is more con- 
venient to consider the right-hand reaction; if x^ denotes 
the distance from A to W, the moment at C is equal to 

— X (/ — ^). As Xx changes uniformly, the moment 


at C decreases uniformly as W moves from D to A. The 
variation in moment at C as W moves from D to A is 
represented by E A\ Fig. 12 (d). 


20. Influence Dine for the Moment at C. — If x^' 
represents the distance of I) from A and the distance of 
E from By the influence line for the moment at C may be 

drawn by laying off to scale E' equal to 1 X a, and 

Zl'Zl" equal to 1 X ^ X ( / — a), and connectmg the points 

so found with each other and with B^ and A\ respectively, 
forming the influence line A' EEB^. It may be shown, in 
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a similar manner, that the influence line between two con- 
secutive joints of the loaded chord of a truss is always a 
straight line. In the present case, it is evident that the 
moment at C is a maximum when the single load is at E, and 
is represented by O C", m any case, the moment at a joint of 
the unloaded chord of the simple Warren trussy due to a single 
moving load^ is a maximum when the load ts at one of the panel 
i>oints at the ejid of the panel opposite the joint 



Fig. 18 


21. Any Number of Uoads. — Let A By Fig. 13 {a)y be 
a Warren truss over which a system of concentrated loads is 
moving, and let it be required to determine the position of 

I LT 334—19 
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the loads when they cause maximum moment at C, at a dis- 
tance a from the left end. Let Figf. 13 (^), be 

the influence line for the moment at C As the loads move 
on the span at 5, and Wx approaches E, the moment at C 
increases until reaches E] if j/i, y^y etc. represent the 
ordinates to the influence line at W^y W^y etc., the moment 
at C is equal to Wiyy. -f W,y^ + Wnyn- Now, if the 

loads move a small distance to the left, Wx will pass E] 
y^^ytxx etc. will each increase by an amount that may be called a',, 
and yx will decrease by an amount then, the change in 

moment is equal to + Wa + Wn)sx — Wx a'., and 

the moment is increased or decreased according as this 
is positive or negative. 

Suppose that the moment increases until reaches Ey 
and that m this position Wx and W, are to the left of D; 
Wz is between D and Ey and the other loads are to the 
right of Ey as shown in Fig. 13 (^). If the loads move 
a small distance b to the left, the change in moment is 
equal to 

( + PF. + . Wn) Zx - [( + W:)z. + ilVx+ JV,) 

and the moment is increased or decreased according to 
whether the value of this change in moment is positive or 
negative. If the moment is a maximum when is at Ey 
a portion of may be considered on the left and a portion 
on the right of Ey so that 

IVrZx = lV,Zx+ WiZ, ( 1 ) 

letting Wr represent the sum of all the loads on the right 
of Ey including a portion of the load at Ey JV^y the sum of 
all the loads in the panel DE, including a portion of the 
load at E; and W/y the sum of all the loads to the left 
of n. 

In Fig. 13 (d)y if A' jD^ and E^ are produced, they will 
meet at O at distances a and I — a from A^ and B\ respect- 
ively. By similar triangles, the following values can be 
readily found: 
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Zt = bx ^ ly _ QiQii 

jy B" iV 


1 P P 

I — a — ^ a— ^ 

^-C'C" ? 

I — a a , 


i->) 


= bxCC"X^^,, { 

a\l — a) 

Substituting these values in equation (1), 


l_a 

WrXbX^-^= W.XbXCC'X— T-VW,Xb^!-^\ 

I — a a{l—a) a 

whence Wr = ^ - W^ + JV, X - - IV, 

2 a a 


and W.+ W,+ W,^ 2 

I a 

or, denoting by IV the sum Wr+W^+IV, of all the 
loads on the span, 

^ + IV, 

^=2^ ..na 

la 2 1 


From this, the following principle may be given for find- 
ing the maximum moment at a joint of the unloaded chord 
of a Warren truss: The maximum moment due to a system of 
moving concentrated loads obtains when one of the loads is at the 
next panel point of the loaded chord to the right or left of the 
joint considered. The load at the panel joint must he suck that^ 
when considered part on one side and part on the other side of 
the panel pointy the sum of one-half the loads in the panel oppo- 
site the given joint and the loads o?i the left of the panels divided 
by the length of truss to the left of the joints is equal to the 
average intensity of load on the span 


22. Value of the Moment. — As the influence line, 
Fig. 13 (b)y is straight between D and Ey and as C is mid- 
way between D and Ey the ordinate; at C is equal to one-half 
the sum of the ordinates at D and E, It can be shown that, 
for any number of loads, the moment varies uniformly 
between panel points. The moment Me at C is equal to 
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one-half the sum of the moments Md and Ms at D and E, 
respectively; that is, 


Me = 


H" Mb 


Example — What is the maximum moment due to the system of 
concentrated loads shown in Fig 4, at the second joint Cof the upper 
chord of a six-panel through Warren truss, assuming the span to have 
a length of 60 feet? 

Solution — ^As the system of loads is shorter than the truss, it may 
be assumed that all the loads will be on when the moment is a maxi- 
mum. Then, a = 16 ft , / = 60 ft., and 

I X ^ ^ X 49,000 = 12,260 lb. 

Let D and E be the panel points to the left and right of C, respect- 
ively When is at if all of is considered on the left of 
the point E^ we have 

IV, + ^^ = ^^ = 7,500 lb. 

As this IS less than 12,260, the moment is not a maximum 

When JVa is at E, if all of IVa is considered on the right of the 
point Et we have 

iv, + ^ = 6,000 + = 10,000 lb. 

If all of Wa IS considered on the left of E, 


m+ 


Et - 


= 6,000 + = 16,000 lb 


As one value is less and the other greater than 12,250, the moment 
is a maximum. 

When IVt is at E, is at Z>, and, if W 4 . and are considered 
on the right of E and Z?, respectively, giving the smallest value 

of wo + ^. then. 


1V, + ^ 


6,000 + 


20,000 


16,000 lb 


As this IS greater than 12,250, the moment is not a maximum 
Therefore, the only position that causes a maximum moment at C, is 
when IS at E We have, then, for the reaction Ei and the 
moments at the points Z?, Z", and C, respectively, 

El = (6,000 X 63 -h 10,000 X 46 + 10,000 X 40 + 8,000 X 36 -f- 8,000 X 29 
+ 8,000 X 23) - 60 = 30,180 lb 
Md = 30,180 X 10 - 6,000 X 3 = 288,800 ft -lb , 

Me =• 30,180 X 20 - 6,000 X 13 - 10,000 X 6 =» 488,600 ft.-lb.; 
286,800 + 488,600 
2 


Me = 


= 387,700 ft.-lb. Ans. 
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EXAMPLE FOB PRACTICE 

Let the eight-panel through Warren truss represented in Pig 14 
support the system of moving concentrated loads represented in Fig. R. 



1« ® « d. • d' / 6' 


Fio 14 


What IS the maximum moment, {a) at joint c} {b) at joint {c) at 
joint B? ‘ f (a) 2,032,600 ft -lb. 

AnsAlb) 2,680,000 ft.-lb. 
lie) 1,689,400 ft -lb. 


MAXIMUM SH£AR IN A PANEL 

23e Introduction. — In Stresses m Bridge Trusses ^ Part 1, 
it was explained that the shear due to a uniform load in any 
panel of a truss is uniform between the panel points; in the 
case of concentrated loads, they are transmitted to the trusses 
at the panel points, and, therefore, the shear at all points in 
any panel is the same. The position of the joints of the 
unloaded chord with respect to those of the loaded chord has 
no efiEect in the computation for shear 

24. Influence Line for Shear In a Panel. — Let A 
Fig. 15 (a), be a truss that supports a load of unity that 
moves from B to A ^ and let it be required to construct the 
influence line for the shear in panel CD. As the load moves 
from B to Z?, the shear is positive and equal to and 
increases uniformly as the load moves toward D\ as the load 
moves from D to C, the shear decreases uniformly, and is 
equal to Rx minus the portion that goes to C, it becomes 
zero for some position of the load between D and C, then it 
IS negative and increases numerically until the load is at C, 
when the shear is —R^. As the load moves from C to A, 
the shear changes from —R^ to zero; that is, it increases 
algebraically, although its numerical value decreases from R^ 
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to zero. The broken line B' C Fig. 15 (^), is the 
influence line for shear in the panel CDy the portion B' 
being parallel to the portion O as can be easily shown. 
The ordinates U and O are equal, respectively, to 
and the former of these reactions being for the position D 
of the load, the latter for the position C, The point E where 



O n crosses A^ B^ is where the load causes no shear in the 
panel CD, In this case, the portions of the load that gc to C 
and D are equal to Rx and respectively, since the shear 
equals Rx minus the portion going to C, and, if the shear is 
equal to zero, then Rx equals the portion going to C. It can 
be shown that the influence line for shear in any panel is 
straight between the panel points. 

25. Any Number of Doads. — Let Fig. 16 {a) represent 
a truss over which a system of concentrated loads is moving, 
and let it be required to determine the position of the loads 
when they cause maximum positive shear in the panel CD, 
The influence line is shown in Fig 16 (^). When the shear 
is a maximum, there will be few or no loads in the panel CD, 
and probably none to the left of C, but in order to generalize 
the discussion, it will be assumed that there are loads to the 
left of C as well as m the panel CD. Let Wix and Wy 
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represent, respectively, the sum of the loads to the left of C, 
in the panel C D, and to the right of D; and let 2 W he the 
sum of all the loads on the span. If, when the loads move a 
short distance b to the left, the changes in the ordinates to 
the influence line are represented by a-,, a',, and ar„ Fig. 16 (d), 


sir 

A 



PiQ 16 


the change in shear will be + WrZx^ The shear 

will be a maximum when a load is at D such that, if a por- 
tion of it IS considered to the left and a portion to the right 
of D, the following equation obtains. 

WrS, = JV^2, ( 1 ) 

From similar triangles in Fig. 16 (5), the following values 


are obtained: 

Zx 




— a 


Zz 


b X 


PC " 
A' O' 


b X 


D'D" 

I — a—p 



b_ 

P 


27D" + aX^ 


HD" \ 
-a-p) 
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Substituting these values in equation (1), multiplying by 


whence 

and 


W,+ Wr+W^= IV, X 

I w ^ ^ 

I p 


Hence the following principle* TVie maximum positive 
shear in any panel of a truss y due to a system of moving concen- 
trated loadsj obtains when one of the loads is at the joint to the 
right of the panel considered. The load at the panel point must 
he such ihaty if a portion of it is considered on each side of the 
jointy the average intensity of load in the panel is equal to the 
average intensity of load on the span 


26. Value of the Shear. — The shear is equal to Ry 
minus the portion of the loads in the panel that goes to the 
left of the panel, minus the sum of all the loads to the left 
of this joint If Wx is the moment cf any load about the 

IWx 


right end, Rt is equal to 


If Wje IS the moment of 


any load in the panel about the joint at the right of the 
panel, the portion that goes to the joint at the left of the 

panel is equal to shear is, therefore, 

I p 

Examplb — The six-panel through Warren truss represented m 
Fig. 17 supports the system of moving concentrated loads shown m 


P 

K / K 



Fig 4 What IS the maximum positive shear, (a) in the panel C-^? 
{b) in the panel 
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Solution —(a) When is at D, W, is at B, and may be con- 
sidered as off the bridge, then, 

= 41,000 = 6,833 lb 

As IS 6,000 lb , or less than 6,833 lb , the shear is not a maxi- 
mum When Wa IS at Vt all the loads are on the span, then, 

^ X 40,000 = 8,167 lb 

= 6,000 lb , and JFi + = 16,000 lb As one is less and. the other 

greater than the shear is a maximum when IV, is at -O. Then, 

V = (5,000 X 38 + 10,000 X 30 + 10,000 X 26 + 8,000 X 20 -h 8,000 X 14 

-t- 8,000 X 8) 60 - 8 = 13,080 lb Ans. 

(d) When IVx is at £, W, and W, are off the span, then, 

^ X 83,000 = 6,600 lb. 

As this is greater than the shear is not a maximum. "When W, 
IS at W, is off the span, then 

^ X 41,000 = 6,833 lb 


As this is greater than Wx and less than Wx-\- W,y the shear is a 
maximum Then, 

^ 5,000 X 28 + 10,000 X 20 H- 10,000 X 16 + 8,000 X 10 + 8,000 X 4 

^ “ 60 
6,000 X 8 


10 


6,030 lb Ans 


EXAMPLE FOR PRACTICE 

The eight-panel through Warren truss represented in Fig- 14 sup- 
ports the system of moving concentrated loads represented, in Fig 6. 
What is the maximum positive^ shear (a) m the panel be? {b) m the 
panel cd} (^) m the panel ed'} f (a) 81,460 lb 

Ans.U^) 63,3401b 
l(r) 27.0901b 

MAXIMUM FLOORBEAM AND PANEL LOAI>S 

27. Maximum Floorbeam Ijoad. — The load that 
comes on a floorbeam is equal to the sum of the reactions 
on the stringers in the two adjacent panels. This is equal 
to twice the reaction from one stringer if the panels are 
equal and uniform loads are considered, but for concentrated 
loads the reactions will usually be different, and it is neces- 
sary to determine the position of the loads when tliey cause 
the maximum load on a floorbeam. 
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Let Fig:. 18 {a) represent two adjacent panels of a floor 
system, of lengths a and a', respectively, and let it be 
required to determine the maximum reaction at C as a 
system of concentrated loads moves from B to A. The 
stringers may be assumed to be simply supported at A, B, 
and C so that the reactions at these points may be com- 
puted as usual. For example, the reaction at C due to W is 

A load at C is supported directly by the floorbeam. 

The line B^ O A^, Fig 18 {b), is the influence line for the 
reaction at C, and, as this has the same form as the influence 
line for the moment at C in a beam of the length A B, it can 



be shown, in a man- 
ner similar to that 
employed in Art. 6, 
that the condition for 
maximum moment at 
the section C in a 
beam of length AB 
is also the condition 
for maximum re- 
action at C. That is: 


(bj 


The load on a floor- 


Fiq 18 


beam that comes from 


two adjacent panels is a maximum when such a load ts at 
the floorbeam that^ if considered pa^rt on each side^ the average 
intensity of load on the panel to the left is equal to the aver- 
age intensity of load on the panel to the rights and also 
equal to the average intensity of load on the two panels taken 
together. 

In the ordinary case, the panel lengths a and d are 
equal, and the principle just stated then reduces to the 
following: 

The load on a floorbeam^ when the panels on each side of it are 
equaly is a maximum when such a load is at the floorbeam that^ 
if considered part on each side, the load in the panel to the left 
will be equal to the load in the panel to the right, and equal to 
one-half the sum of the loads in the two panels^ 
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28. Maximum Panel Dead. — The maximum panel 
load can be found from the maximum floorbeam load. In 
almost every case, the former will be equal to one-half the 
latter. 


Examflb —What is the maximum panel load in a truss that sup- 
ports the system of loads shown in Fig 4, the panels being 16 feet long? 


Solution — In determining maximum moments, it has been seen 
that the condition is usually satisfied when one of the heavier loads is 
at the section In this case, then, it will be unnecessary to try Wx at C 
When Wa is at C, the total load in both panels is 33,000 lb , as one- 
half of this IS greater than the sum of Wi and JF*, this position does 
not give a maximum 

When JV, is at C, the total load is 41,000 lb As one-half of 41,000 
is greater than the sum of JFi and JFt, and less than the sum of 
IVi, fVay and fF#, this position fulfils the conditions for a maximum 
When IVt is at C, the total load is equal to 44,000 lb As one-half of 

44.000 19 greater than the sum of fF* and IFa, and less than the sum 
of Way Way and fF*, this position fulfils the conditions for a maximum. 

When Wa is at C, the panel load is 

5.000 X 2 + 10,000 X 10 + 8.000 X 4 4- 8,000 X 10 


When W4, 19 at C, the panel load is 

10,000 X 6 -i- 10.000 X 10 + 8.000 X 3 + 8,000 X 9 

2 ’ = 12,200 lb. 

The panel load is, therefore, greatest when Wa is at C, it is equal 
to 12,400 lb. Ans 


EXAMPLES FOR PRACTICE 

1 If the system of concentrated loads shown in Fig 4 moves across 
a bridge, what is the maximum load that comes on a floorbeam sup- 
porting the adjacent ends of two panels 12 and 15 feet long, respectively? 

Ans 23,300 lb 

2 What is the maximum panel load on a truss that supports the 
system of loads shown m Fig. 6, when the length of panels is 20 feet? 

Ans. 34,380 lb. 

3 The adjacent ends of two spans 40 and 60 feet long, respectively, 

rest on the same pier What is the maximum load on the pier when 
two systems of loads, each like that shown in Pig 6, move over the 
spans, assuming the first (left) load of the second system to be 7 feet 
to the right of the last load of the first system? Ans 146,750 lb. 
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STRESSES DUE TO CONCENTRATED 
LOADS 

PARALTjEE-CHORD trusses 

SINGLE-SYSTEM TRUSSES 

29. From the preceding principles, the live-load stresses 
in the members of any parallel-chord truss with a single 
system of web, and in the members of Warren trusses with 
secondary verticals, can be readily determined. As the 
maximum live-load stresses are usually desired, it is neces- 
sary to find the maximum live-load moments or shears, as 
explained in the preceding pages. 

For example, to find the maximum live-load stress in the 
diagonal K C oi the truss A Fig. 17, the shear in the 
panel GC is considered. The live-load tension va KC is 
greatest when the positive live-load shear in the panel G C 
(or on the plane of section pq) is a maximum; the live-load 
compression is greatest when the negative live-load shear m 
the panel 6^C is a maximum. As the maximum positive 
live-load shear in the panel EF equal to the maximum 
negative live-load shear in the panel GC^ the maximum 
live-load tension and compression in the diagonal KC 
are equal, respectively, to the product of esc H and the 
maximum positive shears m the panels GC and EF^ found 
as explained in Art. 25 for the system of loads under 
consideration. 

The live-load stress in the chord member KN^ Fig. 17, is 
equal to the live-load moment at C divided by the height of 
the truss, and is greatest when the moment at C is a maxi- 
mum. The maximum moment at C for the system of loads 
under consideration can be found as explained m Art. 17. 
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Similarly, the stress m GC can be found from the moment 
at A" found as explained m Arts. 21 and 22. 

In the following pages, whenever stresses are mentioned, 
live-load stresses are meant, unless dead-load stresses are 
specified 

The methods of finding the stresses in some of the 
members of the Baltimore truss and in the members of 
multiple-system trusses will now be discussed. 


THE BALTIMORE TRUSS 

30* In the Baltimore truss, Fig. 19 (a), the maximum 
stresses in the upper-chord members can be found from the 
maximum moments at the opposite jomts; the maximum 
stresses in the lower halves of the main diagonals can be 
found from the maximum shears m the respective panels; 
and the maximum stresses in the subverticals and substruts 
can be found from the maximum panel loads. There remains 
to be considered the maximum stresses in the lower-chord 
members, in the upper halves of the main diagonals, in the 
counters, and in the mam verticals. 

31. Lower Chord. — The maximum stress in the end 
panel of the lower chord is equal to the horizontal com- 
ponent of the maximum stress in the lower half of the end 
post, which is found from the maximum shear in the end panel. 
The maximum stress in any other part of the lower chord, 
such as GD^ Fig. 19 (a), is found from the moment at the 
center of moments in the upper chord, in this case joint E, 
The plane q that cuts GD and two other members is to the 
right of the panel load at G, while the center of moments is 
to the left of this panel load; the moment of the load at G 
is then opposite in sign to that of the loads to the left of C 
On this account, the influence line for the moment at E is 
different from the influence lines that have already been 
discussed, being composed of three lines B^Dx^D^Gx^ and 
GxAx^ Fig. 19 {b). Now, if Wi denotes the sum of the 
loads in the length A G, the sum of the loads in the 
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length GD (the panel cut by the plane y), and 2 W the total 
load on the span A B, it may be shown, in a manner similar 
to that employed m Art 21, that the moment at E is a maxi- 



Fio 19 

7nu7n when such a load is at G ihai^ if considered part on one 
side and part on the other ^ the difference between the loads to the 
left of G and those in panel GD, divided by the length of the 
truss to the left of the center of moments is equal to the average 
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intensity oi the load on the span. That is, the stress in the 
lower chord is a maximum when 

Wi-Wt ^ SW 

a I 

or when W;-IV„ = jx 2 W 

32. Upper Half of Main Diagonals. — The influence 
line for the vertical component of the stress in the upper 
half of a main diagonal, such as BHt Fig. 19 (a), may be 
drawn by computing the vertical component of the stress 
due to a load of unity that moves over the span. This line is 
composed of the three straight lines B' C\ and O 

Fig 19 {c)\ this is exactly the same as the influence line 
for shear in the panel CD ot Pratt truss having the same 
length and half as many panels as the truss represented in 
Fig 19 (a). It can be shown (see Art. 26) that the stress 
in EH IS a maximum when there is such a load at D that^ li 
considered part on each side, the average intensity of load in the 
double panel CD is equal to the average intensity of load on 
the span. That is, 



whence W., = ^X 2W 

The vertical component of the stress in EH cslu be found, 
as usual, by subtracting from the shear in panel C G one-half 
the panel load at G, both being computed when the loads are 
in a position that satisfies the condition just stated; the result 
IS the same as though the shear were computed in the 
panel C D oi the Pratt truss already mentioned. 

33. Intermediate Verticals. — The stress in any inter- 
mediate vertical, such as EC, Fig. 19 (a), is a maximum 
when the stress in the adjacent diagonal is a maximum, and 
IS equal to the vertical component of the maximum stress in 
that diagonal. 

34. Hip Vertical. — The influence line for the stress in 
LM represented in Fig 19 {d), and has the same form as 
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the influence line for the moment at the center of a beam 
having a span equal to four panel lengths. Therefore, the 
stress in the hip vertical is a maximum when such a load is at 
its foot ihaty if considered part on each sidCy the average intensity 
of the load in the two panels to the left is equal to the average 
intensity of the load in the two panels to the right. It can be 
shown that the stress in is equal to the maximum panel 
load for a truss having a panel length equal to 2 p, 

36. Counters. — When the upper half of a counter is m 
action, the lower half of the main diagonal in the same panel 
is out of action, and the stress in the counter may be found, 
as usual, from the shear. The vertical component of the 
stress in the lower half of a counter, such as CH^ Fig. 19 {a)y 
is equal to the maximum negative shear in the panel CD of 
a Pratt truss of the same span and half the number of panels. 

Example — The Baltimore truss shown m Fig 20 is one truss of a 
bridge that supports the system of concentrated loads followed by a 
uniform load represented in Fig 21 What is the maximum stress* 
{a) in the upper-chord member C E} {b) m the lower-chord mem- 
ber de"^ (c) in the diagonal CD} (d) in the vertical Cc? (e) in the 
counter eE} It is assumed that one-half the load is carried by one truss 

Solution — (a) The stress m CE is equal to the moment at e divided 
by 30 It can be found, by tnal, that the first position that satisfies 
the condition for a maximum moment is when Wt is at e In this case, 
a 4- 1 

- = — = - The numencal work can be arranged conveniently m 

/ 1a O 

tabular form as follows* 


Position of 

2 IV 



Load 

Pounds 

Pounds 

Pounds 

JVn Site 

748,000 

249,300 

Between 222,000 and 244,000 

IVt at e 

768,000 

256,000 

Between 244,000 and 266,000 

JEio at e 

800,000 

266,700 

Between 266,000 and 284,000 

JVii at e 

814,000 

271,300 

Between 266,000 and 306,000 

Wx^ at e 

794,000 

264,700 

Between 266,000 and 306,000 


As the values ot ^ X ^ IE for JVio, and Wn lie between the 
extreme values of respectively, these three positions satisfy thf* 
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condition for a maximum, and it is necessary to compute the moment 
for each position to find the greatest 

When Wo is at e, = 386,300 lb , and the moment at e is 
386,300 X 60 - ( 18,000 X 48 + 160,000 X 32 5 -|- 88,000 X 7 B) 

= 16 , 394,000 ft -lb 

When IVio is at e, Rx = 420,144 lb , and the moment at e is 
420,144 X 60 - ( 18,000 X 66 + 160,000 X 40 5 + 88,000 X 16 6) 

= 16 , 366,640 ft -lb 

When Wxi is at <?, Rx = 438,011 lb , and the moment at e is 
438,011 X 60 - ( 160,000 X 48 6 + 88,000 X 23 5 + 18,000 X 8) 

= 16 , 308,660 ft -lb 

The greatest of these moments occurs when is at e Then, the 
stress in is 

16 , 394,000 „„„ ,, 

— ’ ’ = 273,200 lb , compression Ans 

^ X , 

( 5 ) The stress m de is equal to the moment at C divided by 30 
It will be found, by trial, that the conditions for maximum moment 
at Care satisfied when Wn, Wxo^ and IFia, respectively, are at d 


The results 

of the calculations are as follows 


Position of 
Load 

2 w 

Pounds 

5 X 2 IT 

Pounds 


Wi- JVp 

Pounds 

We 

at d 

708,000 

118,000 

Between 

18,000 and 76,000 

We 

at d 

728,000 

121,300 

Between 

76,000 and 134,000 

We 

at d 

768,000 

128,000 

Between 

112,000 and 134,000 

w. 

at d 

788,000 

131,300 

Between 

134,000 and 178,000 

We 

at d 

810,000 

135.000 

Between 

186,000 and 230,000 

Wxo 

at d 

802,000 

133.700 

Between 

110,000 and 146,000 

Wxx 

at d 

754,000 

125,700 

Between 

26,000 and 66,000 

Wxe 

at d 

734,000 

122,300 

Between 

26,000 and 106,000 

Wx:x 

at d 

754,000 

125,700 

Between 

106,000 and 164,000 

Wxe. 

at d 

752,000 

125,300 

Between 

142,000 and 200,000 


Since the value of j'K E W lies between the extreme values of 

Wi — Wp when Wa, We, Wxo, and Wm, respectively, are at d, the con- 
ditions for maximum moment at C are fulfilled for each of these posi- 
tions, and It is necessary to calculate the moment for each position to 
find the greatest moment 

The moment at C is equal to Rx multiplied by 30 , minus the 
moment of all the loads to the left of c about C, plus the moment 
of the panel load at d about C, as explained in Stresses tn Brtdze 
Trusses, Part 2 . 
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When JVb is at d, R^. is 843,744 lb , and the panel load at d is 
87,833 lb Then, the moment at C is 

343,744 X 30 - 18,000 X 8 + 87,333 X 16 = 11,478,320 ft -lb. 

When Wb is at Rx is 386,300 lb , and the panel load at d is 
67,333 lb Then, the moment at C is 

385,300 X 30 - [(18,000 X 18) + (40,000 X 10) + (40.000 X 6)] 

+ 67,333 X 16 = 11,495,000 ft -lb 

When WxQ is at flf, Rx is 429,644 lb , and the panel load at d is 
56,200 lb Then, the moment at C is 

429,544 X 30 - (120,000 X 23 + 22,000 X 8 -f- 22,000 X 3) + 66,200 X 15 
= 10,712,320 ft -lb 

When WxB is at d, Rx is 386,011 lb , and the panel load at d is 
106,667 lb Then, the moment at C is 

386,011 X 30 - [(88,000 X 18 6)-f-(18,000 X 3)] + 106,667 X 15 
= 11,498,330 ft -lb 

The last value found is the greatest, so the moment at C is greatest 
when WxB is at d The maximum stress va.de is, then, 

= 191,640 lb , tension Ans 

2 X 30 


{c) The stress in CD is a maximum when the average intensity of 
load in the double panel Is equal to the average intensity of load on 
2p 1 

the span In this case, ~j~ — q 

When W, is at e, 2 JV = 628,000 lb ,^X 2: IV = 104,700 lb., IV.p is 
between 68,000 lb and 98,000 lb 

When Wt is at e, 1 W = 648,000 lb = 108,000 lb. , W,t is 


between 98,000 lb and 138,000 lb 

Then, the stress is a maximum when is at e, in this position, 
Rx = 267,300 lb 

The loads at c and dy due to the loads in the panels c d and d are 
3,600 lb and 64,400 lb , respectively Then, the vertical component of 
the stress m C is 

54 400 

267,300 - 8,600 - 

^ ^ = 118,260 lb. 


and the stress m CZ> is 


118,260 



167,200 lb , tension Ans 


{d) The stress in Ct is a maximum when the average intensity of 
load m the length ac is equal to the average intensity of load m the 
length ce There will probably be more loads m the length ae when 
the second set of heavy loads is m that position, so it is unnecessary to 



48 STRESSES IN BRIDGE TRUSSES §70 

try W,, Wa, etc. at c. The results of the calculations for several 
positions are as follows: 


Position of 

2 JV 

7 X 2 w' 

m 

Load 

Pounds 

Pounds 

Pounds 

W, 1 Sit C 

266,000 

I33i000 

Between 84,000 and 124,000 

Wi, at c 

266,000 

i33iOOO 

Between 102,000 and 142,000 

Wx^ at c 

266,000 

133,000 

Between 120,000 and 160,000 

Wx4. at c 

266,000 

i33iOOO 

Between 138,000 and 178,000 


The condition for maximum stress m Cc is satisfied when is 
at and when is at c. 

'When Wia is at c, the stress in Cc is 82,060 lb. 

When is at c, the stress m Cc is 82,760 lb , tension Ans 
(tf) The maximum stress m cF is the same as that m s' F' when 
th.o nght end of the truss is loaded, this occurs when the average 
intensity of load in the double panel is equal to the average inten- 
sity of load on the span. 

■When IF, IS at (S', 2 ; »^ = 324,000 lb , X -T IF = 64,000 lb , fV.pis 
between 18,000 lb and 68,000 lb. 

■When lf',is&te',2W= 364,0001b 60,7001b , 

between 68,000 lb and 98,000 lb 

Both positions fulfil the conditions for maximum stress 
When Wt is at tf', Fx for one truss is 34,600 lb , and the load at f is 
4,800 lb The vertical component of the stress in F^ is 

34,600 - 4,800 + = 32,100 lb 

When IVt is at tf', Fx for one truss is 39,460 lb , and the load at Is 
14,460 lb. The vertical component of the stress in F^ is 

39,460 - 14,460 + = 32,200 lb. 

Then, the stress in e^F^ is 

32,200 X ^ = 46,600 lb., tension. Ans. 


mitltipijE-system trusses 

36. Influence ILlnes. — Fig. 22, (d) and {c)y shows the 
influence lines for the stresses in the chord member FHy 
and the web member HE, respectively, of the Whipple 
truss AB shown m Fig. 22 (a); they are typical influence 
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►r the stresses in the members of multiple-system 

awing the influence line for the stress in a member of 
pie-system truss, the truss is separated into simple 
i, as explained in Stresses tn Bridge Trusses^ Part 2, 



oad of unity is placed successively at the different 
)ints. The stress in the member under consideration 
lated for each position of the load, and is plotted to 
jrtically under the panel point as an ordinate (such 
etc. ) , to a horizontal line B^. The 
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line A' abc O etc. connecting the points so located i 

the influence line for the stress in the member. As thes< 
lines are very irregular, the principles that govern the con 
ditions for the maximum stress in a member are very com 
plicated and not adapted to practical use. If desired 
however, the stress in a member can be found, by th( 
method of influence lines, by plotting to scale the influenc( 
line for the member, laying off the series of loads succes 
sively in several positions, one of which will probablj 
cause the maximum stress, and scaling the ordinate tc 
the influence line under each load for each position of the 
loads. Then the algebraic sum of the products of all the 
loads on the span, and their respective ordinates for any 
position, will equal the stress m the member. 

In order to find the maximum stress in a member, it will 
be well to determine first the positions the loads occupy 
when the moment or shear is a maximum at the section of a 
simple beam (having the same span as the truss) correspond- 
ing to the point of the influence line where the ordinate is 
greatest. For example, for the maximum stress in H the 
loads may first be placed in the position they occupy when 
the shear is a maximum at the section A* of a beam of the 
length AB. With the loads in this position, the stress may 
be calculated as just described, then, with the loads moved 
successively in each direction until other loads come at the 
desired point, the stress may be calculated for several posi- 
tions until it IS seen that the stress decreases by moving the 
loads any farther in either direction The maximum stress 
will usually be found after two or three trials. This method 
is simple in application and gives results that are sufficiently 
accurate if the influence line is constructed and the ordinates 
scaled very carefully. 

37. Panel Concentrations. — The method of concen- 
tration by panels consists in determining, in the same way as in 
the preceding article, the probable position the loads occupy 
when the stress in a member is a maximum, and, when the 
loads are m that position, calculating the amount that goes 



HH 


§70 


STRESSES IN BRIDGE TRUSSES 


61 


to each panel point of the truss With these panel loads, the 
stresses may be found in the same way as in Stresses tn Bridge 
Trusses, Part 2. By repeating this process for two or 
three positions, the maximum stress will be found. In find- 
ing stresses in web members, it is only necessary to compute 
the panel loads for the system to which the member belongs. 

Example —Let the double Warren truss represented m Fig 23 sup- 
port one-half of the system of moving concentrated loads represented 
in Fig 21 When W,,. is at the center of the span, what are the panel 
concentrations? 



Solution — 

Panel Panel Load, 

Point in Pounds 


a 

b 

c 

d 

e 

d 


d 


b' 




40,000 X2 + 18.000X10 
2 X 18 

40.000 X (6 + 10 + 15 + 16) + 18,000 X 8 

2 X 18 

22.000 X (3 + 8 + 13) + 40.000 X (3 + 8 + 13) 

2X 18 

18.000 X 8 + 22,000 X (16 + 15 + 10+6) 

2 X 18 

22,000 X 2 + 18,000 X 10 + 40,000 X (18 + 13 + 8 + 3) 
2X18 

40.000 X (5 + 10 + 15) + 22,000 X (1 + 6 +^ 

2X 18 

22,000 X (7 + 12 + 17 + 14) + 36,000 X 4 6 
2X 18 

22,000 X 4 + 36,000 X 13 6 + 72,000 X 9 
■ * 2 X 18 

72,000 X 9 
2 X 18 


7,200 

66,100 

41.300 

32.100 
62,900 

44.300 

36.100 

: 33,900 
= 18,000 
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EXAMPLE FOR PRACTICE 


If the double Warren truss represented in Fig 23 supports one-half 
of the system of moving concentrated loads shown in Fig 21, what 
are the panel loads when is at e? 


I Panel Panel Load, 
Point in Pounds 


Panel Panel Load, 
Point in Pounds 


Ans 


a 

b 

c 

d 

e 


17,600 

69.300 
37,900 
30,400 

60.300 


a 37,400 

d 34,100 

^ 36,100 

a' 18,000 


INCLINED-CHORD TRUSSES 

38, By means of the pnnciples already discussed, the 
stresses in inclined-chord trusses can be found m all the 
members that depend simply on the moment or shear. For 
example, the stresses in the chord members can be found 
directly from the moments; the stress in the end post, from 
the shear in the end panel, and the stress m the hip vertical, 
from the maximum panel load. The stresses in the interme- 
diate verticals and diagonals require separate consideration. 


THE CURVED-CHORD TRUSS 

39. Maximum Stress In a Dlag:onal. — Let it be 
required to determine the position of a system of moving 
concentrated loads when the stress in the diagonal .S' of 
the truss represented in Fig. 24 (a) is a maximum. The 
influence line for the stress in £*2^ is composed of the three 
straight lines D\ U C\ and O A\ and is drawn by com- 
puting the stress m ED due to a load of unity that moves 
over the span; the ordinate Z?" represents the stress mED 
when the load is at D\ etc. Using the same method of proof 
as in previous cases, it can be shown that the stress in ED 

IS a maximum when ^ + — X ^ Wr, W,, and W^, 

a' a FD FD 

representing, as usual, the sum of all the loads to the right 
of D, to the left of C, and in the panel CD, respectively, 
there being a load at D. Under ordinary conditions, there 
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will be few loads in the panel CD and no loads to the left of C. 
Making Wi equal to zero, the preceding equation reduces to 

Wr W,. 

a! FD' 

IW^ IV, ^ 

d FD' 



Pig. 24 


which is a convenient formula to use when the point F has 
been located. 

To locate the point F, consider that, when a load is at F^ 
the stress ED due to that load is zero, then the stress in 
CZ? is equal to the horizontal component of the stress in E G. 

F R a 

The stress in CZ> is 1 X — X 7 , the horizontal component 

I h 

of the stress m ^ G is 1 X X then, 

I fV 
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FB ^ a AF ^ a! 

1 ^ h' 1 ^ y' 

whence 

11 

that IS, 

l-FB a h' 

FB a'fi 

and 

FB = lX 

a h' a' h 

Also, 

FD = FB- a' 


For all ordinary purposes, it is sufficiently accurate to 
locate the point F graphically, laying out the truss carefully 
to scale and drawing the lines A E and B G through the joints 
A and E, B and respectively. Then F lies vertically undei 
their intersection H From similar triangles, in Fig 24 (a). 


FH 

AF 


h 


whence, as before, 


a FB 
AF _ a 
FB ~ a'h 


FH 


Example — Let the eight-panel truss represented in Pig 25 support 
one-half of the system of moving concentrated loads represented in 



Fig 21, and let it be required to find the maximum stress m the 
diagonal Cd 


Solution —In this truss, Fa! (the point F is not shown) corre- 
sponds to FB in Fig 24 Also, I = 160, h = 22, /z' = 24, a = 40, 
a! = 100 Therefore, 


and Fd = 11 39 ft Then, == or 1,* nearly 

F a! Ill 39 ^ 

When is Sit d, I W = 632,000 lb , X 3' = 63,200 lb , Wp is 

Fa' i i p 


between 18,000 lb and 68,000 lb Therefore, the stress is a maximum 
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when at d for one truss is 96,225 lb , the panel load at r is 

3,600 lb The shear m the panel cd is 95,225 — 3,600 = 91,626 lb. 
The vertical component in CD is 


96,22 5 X 60 - 3,600 2 

24 ^20 

Then, the stress in Cd ib 


23,600 lb. 


(91,626 - 23,600) X esc Cdc = 68,126 X = 92,000 lb , tension. 

Ans 



40. Maximum Stress In a Vertical. — Let it be 
required to determine the position of a system of moving- 
concentrated loads when the stress in the vertical EC oi the 
truss represented in Fig. 26 is a maximum. The influence 
line for the stress in £ C, Fig. 26, is similar to that for the 
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diagonal E D, and it may be shown that the same conditions 
determine the position for the maximum stress in the ver- 
tical as in the diagonal, the only difference being in the 
location of the point F. Then, as in the case of the diagonal, 

Wt CF _ . W, 
a' a FD FD 

and, when W: = 0, 

IV, = ^X2JV 


To locate the point is consider that, when a load is at is 
the stress m EC due to that load is equal to zero, and the 
vertical component of the stress m is equal to the shear 
on a plane of section that cuts EC, and CD; that is, 

to the shear in the panel CD. 

E R ED 

The shear is equal to 1 X 1 X — — , and the vertical 

I p 

component in is equal to 


1 X 




h-h' 

p 


FB FD FB ^a^h- h' , 

Then, ---p rXjX— . 

whence, substituting^ for FD its equivalent FB — a\ and 
solving for FB^ 


FB =s I ^ 

Ma + a')+aU- A') 

Now, if KE is produced to meet the vertical GD pro- 
duced at O, G D — CE = CE — KI, ot A" — A = A — A'. 
Substitutmg A" — A for A — A' in the foregoing expression, 
and reducing, the following equation is obtained. 


FB = lx ® 

a A" + a' A 

which is also the value of FB for the diagonal ED in a 
truss having the height A" at D. Hence, Fmay be found by 
drawing the lines A E and B G to their intersection H> and 
drawing the vertical H' F, as in the case of the diagonal. 


Example — What is the maximum stress in the vertical Cc of the 
truss represented in Pig. 26, due to the system of loads represented in 
Fig 21? 
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Solution —In this case, A = 22 ft and A' =18 ft ; therefore, 
h" = 26 ft 


Fa' = 160 X 


100X22 

40 X 26 + 100 X 22 
Fd _ 8 64 

Fa> 108 64 


= 108 64 ft , = 8 64 ft.; 

= 08, nearly 


When W, is eXd, I W 


632,000 lb , ^ X = 42,660 lb., and 


Wf IS between 18,000 lb and 58,000 lb Then, the stress is a 
maximum when JV^ is at ^ = 96,225 lb , and the load at c 

= 3,600 lb BC and cd intersect 70 ft to the left of a Then, the 
stress in is 


96,225 X 70 - 3,600 X IW 
100 


57,000 lb , compression Ans 


41. Minimum Stress In a Vertical. — The mmimum 
stresses in all the verticals not adjacent to panels con- 
taining counters can be found from the principles already 
explained. The minimum stress in any other vertical is 
tension, it occurs when the two diagonals that meet the 
vertical at one end are m action, and is equal to the algebraic 
sum of the vertical components of the stresses in the chord 
members that meet the vertical at the other end. The mini- 
mum stress (so called) in the center vertical obtains when 
the moment at the center of the span is a maximum. The 
mmimum stress m the other verticals can best be found by 
trial. For example, for the minimum stress in EC {LM)^ 
Fig. 26 (a), the loads should extend over as great a portion 
of the right end of the truss as possible without throwing the 
counter GM out of action. This position can be ascertained 
by trying several loads successively at M until it is found that 
any further movement of the loads causes GM to go out of 
action. The last position of the loads before GAf goes out 
of action is the position for which the stress is a minimum 


THE PETIT TRUSS 

42. As in the case of the Baltimore truss, the stresses 
in the members of the upper chord and m the end panels 
of the lower chord of a Petit truss can be found from the 
bending moments at the opposite joints; the loading causing 
the maximum stresses in the remainmg members of the 
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lower chord can be found by means of the formula 
IV, ^ 

explained in Art 31; the stresses in the subverticals and 
short diagonals can be found from the panel load, and the 
stress in the hip vertical, from the panel load for a truss 
having panels twice the length of the Petit truss. Theie 
remain to be considered the methods of findmg the maximum 
stresses in the main diagonals, verticals, and counters. 

43. liower Half of Kain Diagonal. — The stress in the 
lower half of the end post can be found from the shear in 
the end panel The maximum stress in the lower half of 
any other main diagonal, such as GB, Fig. 27, can be found 



in precisely the same way as m a diagonal of a simple 
curved-chord truss For example, for the member GD, 
G H may be produced to meet E F 2 X I ^ the lines A I and B F 
produced to their intersection at J, and the vertical J K 
drawn, intersecting the lower chord at K Then, when 
there are no loads to the left of (as is usually the case 
when the stress in GD a maximum), the stress 111 GD 

TC D 

IS a maximum when Wp = X ^ W, KB being equal to 

jK B 

IX BDxHI 

AHxDF+BDxK! 

44. Upper Half of Main Diagonal.— The influence 
line for the upper half of a main diagonal, such as E G, is 
the same as that for the diagonal EE ot a simple curved- 
chord truss of the same dimensions as that represented in 
Fig. 27, but having twice the panel length. Then, for EG, 
the lines AE and BE may be drawn to their intersection J' 
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and the vertical drawn to its intersection with the 

lower chord. The stress in £G is a maximum when 

IVup = -- - X ^ tv. The influence line for the upper half 

of the end post PL is the same as that for the shear m the 
end panel of the simple curved-chord truss shown m Fig:. 24, 
therefore, the stress in PL is a maximum when there is a load 
a\. M and the shear in the double panel ^ (considering 
N P and PM to be omitted) is a maximum. 

45. Intermediate Vex-ticals. — The stress m an inter- 
mediate vertical, such as EC^ Fig 28, is a maximum under 
the same conditions as the stress in the member EC oi the 
simple curved-choid truss of the same dimensions shown in 



Pjo 28 

Fig 26. li LE IS produced to meetT^Z) in the lines 

and B drawn to their intersection and the ver- 

tical RS drawn, the stress in -S' C is a maximum when 

s ry ^ — 

W^p = —— X -i' Wy and similarly for other intermediate ver- 
S B 

ticals. The stress in the center vertical is a minimum when 
the moment at the center of the truss is a maximum; that in 
the other intermediate verticals may be found most readily by 
tiial in the same way as for the simple curved-chord truss 

46. Counters. — When GF^ Fig. 29, is in action as a 
counter, GD is out of action Considenng G' F' instead, 
the line G^ may be produced vertically to its mteisection 
with E' F^ at the lines B/^ and A F^ drawn to their inter- 
section 7'', and the vertical 7" to its intersection with the 
lower chord. Then, the stress in G^ F^ is a maximum when 

there is a load at and IVp = X ^ IV. When C G 
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is in action as a counter, ^ G is in action as a subtle, and the 
counter CGF' is not straight In finding the position the 
loads occupy when the stress in C G is a maximum, it may 
be assumed that CF is straight, and the position of the loads 
found on this assumption. Then, locating the point in 
the usual way, the stress in O (considering the nght end 



instead of the left) is a maximum when there is a load at O 

A'"' Cf ^ F'fff Cf 

and W^p = X 2! JV, The ratio ^ is not strictly 

A ' B K" B 

correct, but will invariably determine the correct loading 

In calculating the stress from this loading, the exact formula 

given in Stresses tn Bridge Trusses^ Part 3, must be used 

STANDARD SYSTEMS AND METHODS OF 
COMPUTATION 

STANDARD SYSTEMS OF CONCENTRATED EOADS 

47. Doads Used In Computations. — The principles 
used in calculating stresses due to moving concentrated loads 
find their most frequent applications in connection with rail- 
way bridges. Specifications for such bridges require them 
to be designed to support certain loads, the loading most 
used consisting of two locomotives coupled together and 
followed by a tram of cars. The actual weight used by 
different railroads differ, they are usually based on the 
heaviest rolling stock in use, an allowance being made to 
provide for a probable increase in weight in the future As 
the loads on the wheels of a heavily loaded train are very 
nearly equal, it is customary to consider the tram as a uniform 
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load per linear foot. In Fig. 30 are shown 
the loadings prescribed by several of the 
leading American railroad companies 


48. Standard Ijoadin^s. — Several 
attempts have been made to secure the 
adoption of certain standard systems for 
use in computation The best known 
among these, and probably the most 
widely used, were devised by Theodore 
Cooper. Each of his systems consists of 
two typical locomotives and a tram of 
cars, the spacing of the wheels being very 
nearly equal to the actual spacing of the 
wheels of the heaviest locomotives in use. 
One of his systems is represented m 
Fig 31, the loads shown at the different 
wheels being the loads on the axles, one- 
half of which goes to each wheel, this 
system is known as E50 on account of the 
fact that the weight on each driver axle 
(2, 3, 4, etc ) is equal to 60,000 pounds 
Other systems are known as E40, E30, etc , 
the weight on each driver axle being equal, 
respectively, to 40,000, 30,000 pounds, etc. 
The spacing of the wheels of the different 
systems is the same, and the loads of one 
system may be derived from those of 
another by the use of a simple multiplier. 
For example, if each axle load and the 
uniform load per linear foot of E60 is mul- 


tiphed by .8 ^=15^. 


the result is the 


system known as E40 
The convenience of this method is 
apparent, as the moments, shears, and 
stresses due to one system may be found 
from those due to any other, by the use of 



13 14 : 15 16 17 18 






s 


c 

n 

E 

F 

Weights 

on 

Axles 

Pounds 

Suras of 
Distances 
From First 
Axle 

Feet 

Sums of 
Weights on 
Axles From 
i to A^ 
Inclusive 
Pounds 

Moments 
About Axles 
of all 
Preceding 
Weights 
Foot-Pounds 

25,000 

0 

25,000 

0 

50,000 

8 

75*000 

200,000 

50,000 

13 

125,000 

575,000 

50,000 

18 

175,000 

1,200,000 

50,000 

23 

225,000 

2,075,000 

32,500 

32 

257*500 

4,100,000 

32,500 

37 

290,000 

5,387,500 

32,500 

43 

322,500 

7,127,500 

32,500 

48 

355,000 

8,740,000 

25,000 

56 

380,000 

11,580,000 

50,000 

64 

430,000 

14,620,000 

50,000 

69 

480,000 

16,770,000 

50,000 

74 

530,000 

19,170,000 

50,000 

79 

580,000 

21,820,000 

32,500 

88 

612,500 

27,040,000 

32,500 

93 

645,000 

30,102,500 

32,500 

99 

677,500 

33*972,500 

32,500 

104 

710,000 

37*360,000 


109 

710,000 

40,910,000 


5,000 


109 + X 


710,000 

-h 5*000 


40,910,000 
-f 710,000:1: 
+ 2,500 


03 
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the multiplier by means of which the first system is derived 
from the second. The system that is used depends on the 
amount and class of traffic. For a great many railroads, E40 
is heavier than the heaviest traffic; while for some others it 
has been deemed advisable to use E60 in the design of some 
of their bridges. 

49, Moment Dla^am. — When a large number of cal- 
culations are to be made from the same system, the work 
may be shortened by tabulating certain quantities that con- 
tinually arise. For example, Fig. 32 represents what is 
called a moment diagram, computed in this case for E50. 
Opposite A are given the numbers of the wheels, the latter 
being numbered consecutively from the left end; B is the 
spacing of the wheels; C, the weight that comes on each 
axle; the distance of any wheel from the first, Ey the sum 
of all the loads from the first up to and including the one 
over which the sum is placed, andi^, the sum of the moments 
of all the preceding loads about any wheel The moment 
about any wheel may be found from the moment about the 
preceding wheel by adding to the latter the product of the 
sum of all the loads up to and including that about which 
the moment is known and the distance between the two 
wheels. For example, the moment of i to 5 about 9 is 



equal to 8,740,000 foot-pounds. To find the moment about 10, 
consider that the lever arm of each load from 1 to 9 is 
increased by 8 feet, and that the moment is increased by the 
product of 8 feet and the sum of all the loads from 1 to 9, 
inclusive. Then, the moment about 10 is equal to 

8,740,000 -t- 356,000 X 8 = 11,680,000 foot-pounds 
The use of the diagram will be illustrated by an example. 
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Example — ^The truss represented m Pig 33 supports one-half of a 
bndge that supports an E50 loading What is the maximum stress: 
{a) in the diagonal Be} (d) in the chord member CD} 


Solution — (a) The stress in is a maximum when the shear in 
the panel ^ ^ is a maximum, that is, when IVp = ^ X ^ W In this 

case, j = i 

When IVi is at a* is 132 ft to the right of c and 146 ft to the right 
of that is, 146 — 109 « 36 ft to the right of the head of the 
uniform load Then, 

W = 710,000 + 6,000 X 36 = 800,000 lb. 

and I X fF = 111,250 lb 


The load at b is equal to 

moment of 1 and 2 about c 
2X22 


676,000 


= 13,070 lb 


2 X 22 

The left reaction is equal to the moment of loads 1 to 18 and 36 ft. 
of the uniform Joad about a\ divided by the length of span Then, 
IS equal to 

40,910,000 -f 710,000 X 36 + 2,500 X 36 X 36 
2X 176 

The stress m ^ is 


198,040 lb. for one truss 


(198,040 - 13,070) X 


236,300 lb , tension Ans. 


(^) The stress in Ci? is a maximum when the moment at is a 
maximum. 

When is at rf, = 710,000 + 6.000X49 = 966,000 lb., and 
j-K SW= 368,126 lb. As Wt is less than 366,000 lb., this position 
does not give a maximum 

When W» is aX d, I O' => 710,000 + 6,000 X 67 = 996,000 lb., and 
= 373,126 lb As Wi is between 365,000 and 380,000 lb , 
this position gives a maximum 

When W^^ is at rf, T iK = 710,000 + 6,000 X 66 = 1,036,000 lb , and 
j X ^ W = 388,126 lb As Wi is between 380,000 and 430,000 lb , 
this position gives a maximum. 

When^'i.is atai, fr= 710,000 - 26,000 + 6,000 X 70 = 1,036,000 lb., 
and I X i’ »' = 388,126 lb As Wi is greater than 406,000 lb., this 

position does not give a maximum. 

It is now necessary to compute the moments when IVia and Wwt 
respectively, are at d. 
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When Wit IS at d, 

„ _ 40,910,000 + 710,000 X 67 + 2,600 X 67 X 67 ^ 2g^ 2^ 

“ 2 X 176 ’ ■ 

The moment at d is 

254,240 X 66 - = 10,990,000 £t.-lb. 

When Wii is at d, 

_ ^^,000 + 710,000 X 66 + 2,600 X 66 X 66 ^ 277 340 lb 

- 2 X 176 

The moment at d is 

277,340 X 66 - I'^-^^O.OOO ^ ^ -lb. 

Then the stress in C Z? is 

10,994,000 - 28 = 392,600 lb., compression. Ans. 


APPROXIMATE METHODS BT THE USB OF 
EQUIVALENT LOADS 

60. Introduction. — It is very laborious to calculate 
the stresses m some types of trusses — such as multiple- 
system and subdivided-panel trusses — if the actual concen- 
trated loads are used On this account, it is sometimes 
desirable to substitute for these loads some simpler system 
of loading that will cause, as nearly as possible, the same 
stresses. Such loadings are called equivalent loads. The 
two principal kinds of equivalent loads will now be considered. 

The difference between the results obtained from equiva- 
lent loads and those from the actual wheel loads are relatively 
greater for short spans than for long spans. For spans up 
to 75 or 100 feet, the actual wheel loads should be used; 
and for all spans, the stresses in such members as htp ver~ 
heals, short verticals, and diagonals, and in floor membei'S 
should be calculated from the actual wheel loads. 

51. Equivalent Uniform Load. — The method of 
equivalent uniform loads is most useful in computing 
moments and chord stresses; it consists in substituting for 
the actual wheel loads a uniform load per linear foot that 
will cause, as nearly as possible, the same stresses. The 
best way to compute this equivalent load is to calculate first 
the maximum moment on the span at a section (usually 
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called the quarter point) raid- 
way between the center and 
the end, due to the actual wheel 
loads, and then find the uniform 
load over the entire span that 
will cause the same moment. 
If w represents the uniform 
load per linear foot over the 
entire span, the moment at the 
quarter point is equal to wl*\ 
if Me represents the moment at 
the quarter point due to the 
actual wheel loads, then 
hwV = Me 


and 


w 


32 

3 


It will usually be found that 
the moment at the center due 
to this uniform load is slightly 
gi eater than that due to the 
actual wheel loads, and that 
the moment near the end is 
slightly less If the value of w 
were found from the maximum 
moment at the center, all the 
moments would be too small. 


Example —What equivalent uni- 
form load may be used m com- 
puting chord stresses for a span of 
160 feet with an E50 loading? 

Solution — It is first necessary to 
compute the maximum moment at a 
section 40 ft from the left end due 
to E60 The numerical work can be 
most conveniently arranged as shown 
in the accompanying table 

The moment at the quarter point 
C IS a maximum when IVs^ Way and 
respectively, are at the section. 


1 
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When Wb is at C, 

„ _ 40,910,000 H- 710,000 X 34 + 2,600 X 34 X 34 
160 

The moment at C is 


424,626 lb. 


424,626 X 40 - 2,076,000 = 14,910,000 ft -lb. 

When Wb is at C, 

^ 40,910,000 + 710,000 X 43 + 2,500 X 43 X 43 ^ lb. 


The moment at Cis 476,891 X 40 - 4,100,000 = 14,916,640 ft -lb. 
When WiB is at C, the wheels 1 to 5 are off the span; and, in using 
the diagram to get moments about point C and the right end of the 
span, It IS necessary to deduct the moment of these loads as follows* 
The reaction of /?i is 

(40.910,000 -i- 710,000 X 80 + 2,500 X 80 X 80) - (2,076,000 -f 226,000 X 166) 

160 

= 464,281 lb 

The moment at C is 

(464,281 X 40) - } 16,770,000 - [2,075,000 + (226,000 X 46)] } 

= 14,226,240 ft.-lb 

The moment is greatest when Wb is at C, then, 

Qo 14. QiK fun 


52- Uniform Doad and Concentrated Doads. — The 
method of findmg an equivalent system composed of a 
uniform load and several concentrated loads is most 
useful in computing shears and web stresses; it consists 
m substituting for the actual wheel loads a combination 
of a uniform load, equal to the specified tram load, and a 
single concentrated load for each locomotive, equal to the 
difference in weight between the locomotive and the weight 
of a portion of the train the same length as the locomotive, 
acting simultaneously with the umfonn load. For example, 
in Figs. 31 and 32, wheels 1 to 9 constitute one locomotive, 
the distance between the end wheels, usually called the 
wheel base, being 48 feet; the second locomotive starts 
with wheel 10 at a distance of 56 feet from wheel f, the 
corresponding wheel of the first locomotive, the latter dis- 
tance is spoken of as the leng^th. The weight of one loco- 
motive, found by adding the loads on all the wheels from 1 
to 9, is 366,000 pounds; the weight of an equal length, 
66 feet, of train, is 66 X 6,000 = 280,000 pounds; the 
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difference, 76,000 pounds, is taken as a concentrated load 
acting simultaneously wi,th the uniform load of 6,000 pounds 
per foot, and is called the locomotive excess. When there 
are two locomotives, there are two excesses, in this case, 
they are 66 feet apart, the distance between corresponding 
points of the two locomotives. The equivalent load for one 
locomotive is shown m 
Fig. 34; for convenience g 

in calculation, the concen- § 

trated load may be located u 

anywhere with respect to j 
the uniform load. In using 
this method, it is con- 
venient to find first the 


MOO lb. PAT lin.ft. 


Pio S4 


maximum shears or stresses due to the uniform load, as 
though It were the only load on the truss, and then those 
due to the concentrated loads alone, placed so that the 
shear or stress under consideration will be a maximum; the 
sum of the results will be the shear or stress desired 


Example — Using the equivalent load found in the preceding para- 
graph, find the maximum shear in the panel of the truss in Pig 33. 

Solution — Considering first the uniform load alone, the panel load 
6 000 y! 22 

for one truss is — 66,000 lb The shear in the panel b c due 

to a uniform load is a maximum when the joints c to are loaded, 
and, as there are then no panel loads to the left of the panel bc^ the 
shear is equal to the left reaction, or to 

65.000 X = 144.4001b 

The shear in the panel b c due to two concentrated loads 66 ft apart 
IS greatest when one of the loads is at and the other 66 ft to the 
nght of r, and, as there are then no loads to the left of j, the shear 
in the panel be equal to the left reaction, or to 

76.iX)OX(76 + 132U4,_30oib 

2 X 176 

The shear m the panel b c, due to a combination of the nmform load 
with the locomotive excesses acting simultaneously, is 
144,400 + 44,300 = 188,700 lb. Ans 
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EXAMPLES FOR PRACTICE 

1 What IS the maximum moment at the center of a span 160 feet 

m length due to Cooper’s E50? Ans 19,886,000 ft -lb 

2 What IS the maximum moment at the center of a span 160 feet 

in length, due to the equivalent uniform load of 6,216 pounds per linear 
foot found in the example in Art 61? Ans 19,888,000 ft -lb 

3 What IS the difference between the moments found in examples 1 

and 2? Ans 3,000 ft -lb , or 016 per cent 

4 Find the locomotive excess for the system of concentrated loads 

shown in Pig 21 Ans 42,000 lb 

GRAPHIC METHOD FOR CONCENTRATED-LOAD 
MOMENTS AND SHEARS 

63, Equilibrium Polygon for Maximum Moment. 
In order to determine by the graphic method the maximum 
moment at a given section of a span due to a system of 
moving concentrated loads, it is necessary to find fiist the 
correct position of the loads by the principles that have 
already been explained When this has been found, the 
value of the moment can be ascertained by constructing the 
equilibrium polygon and multiplying the proper intercept by 
the normal ray, as explained m Graphic Statics, When a 
large number of calculations are to be made for the same 
system of loads, the work can be considerably shortened by 
constructing an equilibrium polygon for the complete system 
of loads, in the case of two engines and train, the polygon 
may be drawn for a sufi&cient length of the uniform load 
representing the train, to provide for the longest span for 
which calculations are to be made. 

Fig 35 represents an equilibrium polygon for Cooper’s 
E60, together with 100 feet of uniform tram load In con- 
structing the polygon for the uniform load, the latter was 
considered as concentrated at points 5 feet apart; each con- 
centration being 26,000 pounds, and the first being taken 
2.6 feet from the head of the uniform load. This portion of 
the polygon is in reality a curve tangent to the strings of 
the equilibrium polygon half way between their intersections 
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with the assumed concentrations. In practice, the polygon 
is made as large as possible; if great care is taken in scaling 
all distances, the results will be sufficiently close 

64. Method oi Procedure. — If it is known what posi- 
tion the loads occupy when the moment is a maximum at a 
given section C, the value of the moment can be found by 
laying off the span to the same scale as the spacing of the 
loads, placing section C at the proper load and drawing ver-^ 
ticals through the ends of -the span. These verticals are the 
lines of action of the reactions; then, if the closing line is 
drawn between their intersections with the strings of the 
equilibrium polygon, and a vertical line is drawn through C, 
the moment at C is equal to the intercept of this vertical 
multiplied by the normal ray. 

If It is not known what position the loads occupy when 
the moment is a maximum, the span may be laid off with 
the section C at several of the loads successively, and the 
preceding process repeated until the maximum intercept is 
found 

Example — Let it be required to find the maximum moment at the 
quarter point of a span 140 feet long due to Cooper’s E60 

Solution — As it is known that the spau will be quite fully loaded, 
it may be assumed that there will be several loads to the left of 
the quarter point The span may be Imd off, to the same scale as the 
spacing of the loads, on the edge of a straight strip of paper, and the 
quarter point marked, this strip may then be laid horizontally on 
the diagram, Fig 35, so that C is at one of the loads, for instance 
verticals through A and B cut the equilibrium polygon at and ^*1 
respectively, then A^, B^ is the closing line for this position A ver- 
tical through C (the line of action of W 4 .) gives the intercept CJ C/', 
and the moment at C is equal to CJ CJ' X N Next, C may be placed 
at Wsy then at Wa, etc , until the maximum intercept is found In 
this case, the intercept increases until Ws is at C, then decreases and 
increases again until Wi^ is at C The intercept is a maximum when 
Wt IS at C, and is equal, by scale, to 23 62 ft The normal ray is equal 
to 500,000 lb , by construction Then, the maximum moment at C is 
23 52 X 600,000 = 11,760,000 ft -lb Ans 

55. Maximum Shear at a Given Section. — The 
maximum shear at a given section of a beam, due to a 
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system of moving: concentrated loads, can be found m 
almost the same way as the moment, by trying several loads 
at the section successively, and drawing the closing* line of 
the equilibrium polygon and the ray parallel to that line 
in the force polygon for each position of the loads. Then, 
the reactions and the shear at any section can be scaled 
directly from the load line 

Example — Let it be required to find the maximum shear at the 
quarter point of a beam 80 feet in length, due to Cooper*s E60 

Solution — The span may be laid off with the quarter point at JVat 
CLnd verticals drawn at the ends of the span, intersecting the equilibrium 
polygon at and Ba, the closing line ^aBa is then drawn, Fig 36 
Then, if Or is drawn parallel to ^aBa, the left reaction is equal 
to 0-r, and the shear at the quarter point 1-r = 179,000 lb Next, the 
span may be laid off with the quarter point at the left reaction is 
equal to O-r't and the shear at the quaiter point is 0-r^ — 0-2 = B-r' 
=■ 169,000 lb As the shear when IVa is at the quarter point is greater 
than this, the maximum shear is 179,000 lb Ans. 
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(PART 6) 


TRANSVBKSB FORCBS 

1. Introduction. — All the outer forces considered in 
Stresses tn Bridge Tjmsses^ Parts 2, 3, and 4, are vertical 
forces. As explained m Part 1, bridges are subject to the 
action of horizontal or transverse forces — principally wind 
pressure and centrifugal force — that must be resisted by 
lateral trusses or bracing lying in planes that are not ver- 
tical. The magnitudes of these transverse forces and the 
stresses caused by them will now be discussed. 


WIND PRESSURE 

2. Intensity of Wind Pressure. — Records of the 
intensity of wind pressure have been kept in various places, 
and from them it has been deduced that the maximum pres- 
sure during heavy gales may be as high as 60 pounds per 
square foot of exposed surface; in some instances, even 
greater pressures have been recorded, but they are probably 
of so rare occurrence that they may be safely neglected. 
The best bridge engineers of the present time consider it 
sufficient to provide for a pressure of 60 pounds per square 
foot over the entire exposed area of railroad and highway 
bridges, or, in the case of railroad bridges, an alternative 
pressure, if it produces greater stresses in the lateral sys- 
tem, of 30 pounds per square foot against both the exposed 
surface of a train of cars and the exposed area of the 
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bridg^e. The weight of a train of empty cars is approxi- 
mately 900 pounds per linear foot, and the standard distance 
from center to center of rails is about 4 9 feet Taking 
moments about the top of a rail, as shown in Fig. 1, the 
moment of stability of an empty car, or the resistance to 
overturning, is 

900 X ^ <= 900 X 2 46 = 2,205 foot-pounds per linear foot 

A 

The exposed area of the side of a car will be assumed to 
extend from about 2 feet to 12 feet above the top of the rail; 
then, the exposed area per linear foot is 10 X 1 = 10 square 
feet, the center of which is 7 feet above the top of the rail, 

as shown in Fig 1 Then, 
if the wind pressure per 
square foot, uniformly dis- 
tributed over the side of 
the car, that will just over- 
turn It IS represented by 
the total pressure P per 
linear foot is 10 p, and, 
taking moments about the 
top of the rail, the over- 
turning moment is 10/ X 7 
foot-pounds per linear foot. 
Placing this equal to the 
moment of stability just 
found, and solving for /, we have 

p = = 31.5 pounds per square foot 

It is assumed, therefore, that when the wind pressure is 
greater than about 30 pounds per square foot it will be 
impossible to operate trains, the higher pressure of 60 pounds 
per square foot is assumed to act against the unloaded bridge 
if it causes greater stresses m the members of the lateral 
system than does a pressure of 30 pounds per square foot. 
In case a tram of cars is caught on a bridge by a sudden 
gust of wind, the pressure may be greater than 30 pound- 
per square foot, but, as this condition will probably last for 


r 
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a very short time, it is assumed that no harm will result 
from it For all practical purposes, the pressure on a tram 
of cars may be taken equal to 300 pounds per linear foot, 
acting 7 feet above the top of the rail, although other values 
and distances aie used by some engineers. 

In referring to the direction of the wind, it will be con- 
venient to speak of the wijidward truss and the leeward 
truss^ the former being the one on the side from which the 
wind is blowing, and the latter being the one on the other 
side. For example, if the bridge is located north and south, 
and the wind is blowing from east to west, the east truss is 
the windward truss, and the west truss is the leeward truss. 

3. Exposed Area. — The exposed area of an unloaded 
bridge is usually taken equal to twice the exposed area of 
one truss; it is found by multiplying the length of each truss 
member by its greatest width, as seen in elevation, multiply- 
ing the sum of the products by 2, and adding the product 
to the area of the floor, as seen in elevation. The exposed 
area of a loaded through bridge is usually taken equal to 
the sum of the exposed area of one truss and that of the 
elevation of the floor, as it is assumed that the leeward 
tiuss is sheltered by the tram of cars In deck bridges, the 
exposed area of truss and floor is taken the same as for an 
unloaded bridge, since the tram of cars does not shelter the 
leeward truss. In highway bridges, the pressure on the 
exposed area of the loads is usually small compared with 
that on the exposed area of the bridge, and hence in practice 
is quite customaiily neglected, or else a small amount is 
added to the pressure on the loaded chord. In railroad 
bridges, the piessure against the exposed area of a tram of 
cais lb relatively large, and is usually taken into account. 
The pressure against the trusses is taken as a fixed load cover- 
ing the whole length of span, that against the train is taken 
as a moving load covering such portion of the span as will 
cause maximum stresses m the membeis of the lateral system. 

There are other methods of computing the wind pressure 
on bridges, such as allowing a fixed amount pei linear foot 
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of each chord, but the method just outlined is most generally 
used and is believed to be superior to any other. For this 
reason, it will be used in this and succeeding Sections. 

4. Lateral System. — The wind pressure against the 
exposed surface of a bridge is transmitted to the joints of 
the trusses by the members themselves, and is resisted by 
bracing, called lateral braclni^, connecting the main trusses 
and lying in the planes of the upper and lower chords, 
respectively, and by vertical or inclined bracing, called sway 
bracing or transverse bracing, connecting opposite 
posts in the two trusses. The sway bracing connectmg the 
end posts is called the portal bracing. The combined 
system formed by all these bracings is usually called the 
lateral system. The pressure against the exposed sur- 
faces of the loads is transmitted to the lateral system of the 
loaded chord by means of the floor. 

LATERAL BRACING 

5. Description. — The lateral bracing usually consists 
of Pratt trusses lying in the planes of the chords of the mam 
trusses. In parallel-chord bridges, the lateral trusses lie in 
horizontal planes, in inclined-chord bridges, the lateral 
trusses of the inclined chord lie in the several planes of the 
inclined members, and the panel lengths of the lateral 
trusses are equal to the actual lengths of the respective 
chord members For the purpose of determining the 
stresses, however, it is customary and sufficiently accurate 
for all ordmary spans to consider the panels of the lateral 
truss equal in length to those of the main trusses, the 
stresses are then found in the same way as for parallel-chord 
trusses. In Fig. 2, (^) is the mam truss; (a), the upper 
lateral truss, and (c)^ the lower lateral truss, b being the 
distance center to center of trusses. The chords B C, 
CD, etc. of the lateral trusses are the respective chord 
members of the mam trusses; the transverse members CC, 
D Dx, etc. are compression members and connect the oppo- 
site joints of the two main trusses; the diagonals CBxy D C, 
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etc. are considered to be tension members, although in the 
best modem practice they are built to resist both tension 
and compression. In a through bridge, the floorbeams act 
as the transverse struts for the lower lateral system; in a 
deck bridge having a floor system, the floorbeams act as 
transverse struts for the upper lateral system. 


J?, C?, JE>, Si lf\ b\ 



B C JO S ji •6 B 



« b c d e ^ c' b' a 


vJBi vC, yJOi \fS\ \jOi i[ci vj^i 



Fig 2 


There are two diagonals in each panel o£ the lateral trusses 
in order to resist the wind pressure from either direction; 
when one set of diagonals is in action, the stresses in the 
others are assumed to be zero. Assuming that the wind 
panel loads act as shown in Fig. 2 (c ) , the diagonals shown 
in (d) and (e) will be in action. The loads on the lower 
lateral truss are transmitted directly to the abutments or other 
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supports; the loads on the upper lateral truss are transmitted 
to the upper joints of the end posts, which, with the assist- 
ance of the portal bracing, transmit them to the supports. 



i*f 

6. Calculation of Wind Stresses. — In Pig. 3, (a) is 
the cross-section of a through bridge, and (b) the cross- 
section of a deck bridge; Pi, 7^*, and P, are the wmd panel 
loads on the unloaded chord, train of cars, and loaded chord, 
respectively. It will be assumed that the lateral trusses of 
the unloaded chords for the two types of bridges here 
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represented are in the planes of the top and bottom, respect- 
ively, of the chord members. It will also be assumed that 
the lateral trusses of the loaded chords he in the planes of the 
bottoms of the floorbeams. The pressure will evidently 
cause stresses in the lateral trusses of the loaded chord; it 
also tends to overturn the tram, thereby increasing the 
amount of the live load that goes to the leeward truss and 
decreasing the load on the windward truss. The pressure 
may be resolved into the components and at Fig. 3 (a) , 
and and at a and a' being the intersections of the 
lateral truss of the loaded chord with the main vertical 
trusses. Then, P, = 4- 

It IS impossible to compute the actual values of Hx and Ht 
by the equations of equilibrium, but these values may be 


assumed equal to each other and to 




In actual practice, 


however, P, is frequently added to P*, and the total wind 
panel load is assumed to be applied at the windward side. 
Taking moments about a! ^ we have 
Vxb = P.hx\ 


whence 


Vx = 


P.hx 

b 


Similarly, V, = ^ = F. 

b 


The component simply decreases the panel loads and, 
therefore, the stresses in the windward truss, if only the 
maximum stresses are sought, it need not be further con- 
sidered; Vx increases the stresses in the leeward truss, and 
this increase may be found by multiplying the maximum 
live-load stresses due to vertical loads by the ratio of Vx 
per panel to the live panel load; for, under any condition 
of loading, the live panel load on the leeward truss may be 
increased by the overturning effect of the wind. Then, 
if IS the Uve panel load, the wind stresses in the mem- 


bers of the vertical truss are equal to 





multiplied by the 


maximum live-load stresses. The stresses in the lateral 
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trusses may be found in the same way as for a veitical Pratt 
truss, as explained in Stresses tn Bridge Trusses^ Part 2 The 
overturning effect due to the wind pressure on the upper chord 
will be discussed later in connection with the portal bracing 

Example — Assume that the eight-panel through bndge shown m 
Fig 2 (^) IS subject to a wind pressure of 400 pounds per linear foot 
on the upper chord, and a fixed, or dead, wind pressure of 200 pounds 
per linear foot, and a live, or moving, wind pressure of 300 pounds per 
linear foot, on the lower chord What are the maximum wind stresses 
in all the members (a) of the upper lateral truss? (d) of the lower 
lateral truss? {c) What is the amount by which each panel load of 
the leeward truss must be increased, assuming that the distance from 
the center of the side of a car to the lower lateral truss is 11 feet, 
and the distance from center to center of the trusses is 18 feet? 


Solution —Since the panel length of the bndge is 20 ft.. Fig 2 (d), 
and the distance center to center of trusses is 18 ft , the length of a 
diagonal of the lateral truss is 

ofi 01 

V20" -f- 18* = 26 91 ft., and esc H = 

(fl) The wmd panel load for the upper lateral truss is 400 X 20 
= 8,000 lb.; the reactions are each 


8,000 X 5 
2 


20,000 lb 


Then, the stresses in the members are as follows [Fig 2 {d)"] 


Member 


Stress, in Pounds 



20,000 X 

CxC. 

C^D. 

(20,000 - 8,000) X 

D^D . 

(20,000 - 8,000) 

D^E . 

(20,000 - 8,000 - 8,000) X 

EE^ 

BC . . 



20,000 X 20 
18 

CD . 

20,000 X 20 

. . jg 

CxA . 

20,000 X 40 - 8,000 X 20 
18 

DE. . . 

20,000 X 40 - 8,000 X 20 
' ■ • 18 

20,000 X 60 - 8,000 X (20 + 40) 

* ‘ 18 

Dx Ex 


= - 29,900 
+ 20,000 
= - 17,900 
= + 12,000 
= - 5,980 

= + 8,000 

= 0 

= + 22,200 
= - 22,200 
= + 35,600 
= -35,600 
= +40,000 
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(d) The dead wind panel load for the lower lateral truss is 200 X 20 
= 4,000 lb , the reactions are each 
4,000 X 7 ^ 

The live wind panel load is 300 X 20 = 6,000 lb., each live reaction 
for full load on the lower lateral truss is 

7 X6,000 ^ 21,0001b 

A 

The dead- and live-load stresses are found as explained m Stresses 
tn Bridge Trusses ^ Part 2, in the present case they are found together. 
The combined stresses, in pounds, are as follows [Fig. 2 (^)], 

The combined stress in b is 

(21,000 + 14,000) X = - 62,300 
The combined stress in bx b is 


21,000 -f 14,000 = H- 35,000 
The combined stress in b^c is 

6 X (6 + 1)1 


6,000 X 

1^(14,000 - 4,000) + 

The combined stress m c is 


8 


,26 91 
18 


-38,600 


6,000 X 


6 X (6 + 1)1 


(14,000 - 4,000) + 

L 

The combined stress in c^d is 


— = + 26,800 


L 


(14,000 - 4,000 - 4,000) + 


6,000 X 


6 X (6 4-1)" 


8 


The combined stress m dx d is 


6,000 X 

(14,000 - 4,000 - 4,000) 4- a 

L ^ 

The combined stress m dx e is 


2 ^ 26 91 

I 18 

5 X (6 4-1)^ 

2 


- 25,800 


J 


4-17,260 


6 000 V ^ ^ 

D, wu A 2 26 91 

(14,000 - 4,000 - 4,000 - 4,000)4- n X- 


8 


18 


-14,200 


The combined stress m ex e is 

full panel load = 4,000 4- 6,000 = 4- 10,000 
The combined stress in a 5 is 0 
The combined stress in ax bx is 


36,000 X 20 


18 


- = 4- 38,900 


The combined stress m 5ris 

36,000 X 20 
18 


- 38,900 
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The combined stress in Cj, is 

36,000 X 40 - 10,000 X 20 ^ ^ ^ 

The combined stress in ^ ^ is 

36,000 X 40 - 10,00 0 X 20 ^ _qq^qq 
18 

The combined stress in Cidi is 

36,000 X 60 - 10,000 X (20 + 40) ^ ^ 33 300 


- 83,300 


18 

The combined stress in a? ^ is 

36,000 X 60 - 10,000 X (20 + 40) 

18 

The combined stress in dj. is 

36,000 X 80 - 10,000 X (20 + 40 + 60) ^ ^ gg 

{c) The live panel load (which is the wind pressure on the train) 
was found in (d) to be 6,000 lb Since the trusses are 18 ft apart, 
and the distance from the center of the wind pressure on the tram to 
the lower lateral truss is 11 ft , the increase in the vertical load per 
panel on the leeward truss is 

6,000 X 11 
18 


3,670 lb. 


EXAMPLES POR PRACTICE 

1 A ten-panel deck bndge with vertical end posts has a span 

length of 180 feet and a distance from center to center of trusses 
of 18 feet If the wind pressure on a tram of cars is 300 pounds per 
linear foot, and on the upper chord is 300 pounds per linear foot, 
what is the maximum stress m the diagonal of the second panel of* 
the upper lateral truss? Ans — 64,200 lb 

2 If the center of the wind pressure on the cars on the bndge 
referred to in example 1 is 10 feet above the upper lateral truss, what 
is the amount by which each panel load of the leeward truss must be 
increased to allow for the overturning eflFect of the wind? 

Ans 3,000 lb. 

3 If the wind pressure on the lower chord of the bridge referred 

to in example 1 is 200 pounds per linear foot, what is the maximum 
stress m the second panel of the leeward chord of the lower lateral 
truss? Ans. - 16,200 1b 

PORTAL AND OTHER SWAY BRACING 

7. Description.— It was explained in Art. 6 that the 
lateral truss of the upper chord simply transmits the wind 
pressure to the upper joints of the end posts, usually called 
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the blp joints, and that the end posts, with the assistance 
of the portal bracing, transmit it to the supports. In the 
through bridge, the portal bracing lies in the plane of 
the end posts, usually inclined, and is made as deep as 
possible without encroaching on the headroom required 
by the loads that cross the bridge. In Fig. 4 are repre- 
sented the end posts A C and O of two trusses connected 
by the standard types of portal bracing, usually called simply 



(d) (e) 


Fio 4 

the poriai (a) consists of the transverse members A A' 
and B and the two diagonals AB^ and A^B\ (b) consists 
of the transverse members A A' and B B' and a lattice web, 
(r) consists of a plate girder; and {d) consists of the trans- 
verse member A A' and the knee braces B D and B^ jy. 
In {e ) , the portion A A' B^ B may be similar to either of the 
forms shown in (^) and (^), the brackets B D E and B^ D* E 
under the portal are frequently added, partly for architectural 
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effect, and partly to afford additional stiffness. It is almost 
impossible to state m a general way which type should 
be used, as this will depend to a great extent on the judg- 
ment of the designer; in the analysis of each type, how- 
ever, the conditions to which that type is best adapted will 
be mentioned. In all that follows regarding the stresses 
m the portal bracing, it must be remembered that the portal 
and all the stresses considered lie in the plane that passes 
through the center lines of the end posts 

8. Method of Calculation. — In the analysis of trusses 
in the preceding articles, it was assumed in each case that 
the stress in each member was a direct stress, and that each 
member was hinged or free to turn about the joints at its 
two ends In the case of portal bracing, the end post, in 
addition to the direct stresses, is subjected to shearing and 
bending stresses due to the wmd pressure; and, whenever 
the end posts are considered cut by a plane of section, these 
additional stresses must be taken into consideration. The 
portal and end posts can be considered as a structure some 
members of which are subjected to bending as well as to 
direct stresses. The only external forces that act on this 
structure are the wind pressure at the top and the reactions 
that this pressure causes at the supports C and O As in 
the case of the lateral truss, the wind pressure on the portal 
may, for convenience, be assumed to act as a single force on 
the windward side; it is equal to one-half the sum of the 
wind panel loads on the upper chord, including the pressure 
at the hip joint; in this Section, it will be called P The 
analytic method is the most convenient for findmg the 
stresses in the portal and end posts, and so the graphic 
method will not be discussed, 

9. Reactions. — The reactions at C and O, Fig. 5 (a), 
may be found by applying the conditions of equilibrium to 
the external forces, considering the reactions to be resolved 
into components parallel and at right angles, respectively, to 
the end posts, the components parallel to the end posts will 
be called the Y components, and those perpendicular to the 
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end posts the X components. Assuming the componems X 
and A'', Y and K' of the reactions at C and O to act as 
shown in Fig. 5, and denoting by b the distance from center 




Fio 5 


to center of the trusses, and by h the distance from the top 
of the end post to the bottom, we have, from the equation 
0 , 

Y = ^ Y. ^ Y^ =s. Y. b. ^ pr 

b b 


and from the equation 2' A' = 0, 

P = X+X^ 

It IS impossible to calculate the actual values of X and X^ 
by the equations of equilibrium, but in practice it is customary 


m this case to assume that they are each equal to 


IS probably quite close to their actual values The reactions as 
]ust found are the same, no matter what type of portal is used. 


10. End Posts. — The stresses in the end posts and the 
portals depend on the condition of the connections at C and 
C — whether the end posts are hinged at these points or are 
firmly fixed in direction. For the present, it will be assumed 
that they are hinged, and the stresses will be found on this 
assumption. Later on, the eflEect of fixmg them will be 
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discussed. As there are no diagonals meeting the end posts 
at C and C', Fig. 6 {a), those posts must be capable of resist- 
ing both the X and Y components: the Y components will act 
along them, causing direct stresses; the X components will 
act on the portions B C and C', below the portal, as on 
overhanging beams loaded at C and C, and fixed in direction 
at B and -5', respectively. 

The end post B C may be considered cut by a plane at the 
section at a distance equal to x from C, and the portion 
between a and C considered as a free body, as shown in 
Fig 6 {b). As this portion is in equilibrium, the forces act- 
ing on It must be in equilibrium. Let Sx and kSs be, respect- 
ively, the horizontal and the vertical component of the stress 
at a. Then, from the equation 2" F = 0, 

S, = Y=P\, tension vaBC 
b 

From the equation 2* X = 0, 

p 

^ , shear on section a 


Applying the equation I M 0, moments being taken 
about the center of section a, the moment of Y will be zero, 
and the moment of resistance to be ofiEered by the end post 

Px 

at section a will equal Xxy or Therefore, there is 

It 

h 

tension m B C from B to C equal to P shear at any sec- 

b 

p 

tion between B and C equal to , and bending moment at 

2 

Px 

any distance x from C equal to ; at B^ where is equal to 

p 

k — d, this moment is greatest and equal to — {h — d). In 

2 

like manner, it may be shown that in member B^ O there is 

compression equal to p\x shear at any point between B' 

b 

p 

and O equal to — , and bending moment at B^ equal to 
2 
D 

— {h — d). The fiber stresses caused m the end posts by 
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these stresses must be added to the stresses due to dead and 
live loads to get the maximum stresses. 

The stresses from C and O to the lowest point of the 
portal bracing will be the same as just given, no matter what 
type of portal is used The portals will now be considered. 

11. Tlie Braced Portal. — The portal shown in Fig. 4 {a) 
IS sometimes called a braced portal, and is used when the 
depth of portal is large compared to the length, thereby 



Pio 6 


giving the diagonals a good inclination. The latter are 
usually constructed in such a way that they can resist tension 
and compression, but it is customary to assume that they act 
in tension only, when one is in action, the other is assumed 
to be out of action If the wind comes from the left, P is 
applied at A, and the diagonal B is in action, as shown in 
Fig. 6 {a) The stresses in the members may now be found 
by the method of moments and shears. The portal may be 
considered cut by a plane, such as pq^ Fig 6 (a), that cuts 
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^ A', B A', and B B', and the portion to the left of the plane 
considered as a free body, as shown in Fig. 6 (b), the forces 

P Ph 

acting on this portion are P at A, -- and — at C, and the 

Z 0 


force? Sa, and 5*. representing the stresses in A A't B A\ 
and BB\ respectively, and assumed to act as represented m 
Fig. 6 {^). Applying the equation -T y = 0, we have 


whence 


S.sinH-^ = 0 ; 

0 

S, = —cscff 
0 


As this IS positive, the assumed direction of iSa is correct, 
and the stress in B A^ is tension. 

The stress in A A^j represented by can be found most 
readily by the method of moments, taking B as the center of 
moments. Applying the equation -T = 0, we have 

^(h-ci) + Pd-S,d = 0; 

whence Si = ^4 + ^ 

2d 2 


As this IS positive, the assumed direction of Si is correct, 
and the stress in A A' is compression. 

The stress in BB\ represented by can be found most 
readily by applying the equation 2" A' = 0 to all the X com- 
ponents that act on the portion shown in Fig. 6 (d). The X 

P h 

component of S, is 5, cos H, or ~ X cot and, substitu- 

0 


ting for cot H its value 4, 5', cos H becomes — . Then, 
d d 



whence 5. = 

2d 


As this is positive, the assumed direction of 5* is correct, 
and the stress in B B^ is compression. 

At the joint Ay the two external forces P and are not 
equal; the diflEerence between them, 

(Ph . p\ „ Ph p 
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acting to the left, causes shearing stress in the member A B. 
As there are no V forces at the joint Ay there is no direct 
stress in A B. 


The joint A' may be considered a free body, as represented 
in Fig 6 (^); the forces acting on it are 5i, 5*, and S^y 

the latter representing the shear in A^B^, Applying the 
equation F = 0, we have 

5* - S.srnH = 0, or 5* - ^ = 0; 

0 


whence 



As this is positive, the assumed direction of 5* is correct, 
and the direct stress in A^ B^ is compression. Applying the 
equation ^ AT = 0, we have 

5. + 5*1 — cos H = 0 


or 


5 +(IA + P 

2 . 



whence shear in A' B' 


which IS equal to the shear va. A B. 

When the wind blows from the right, the diagonal A & 
will be m action, and A' B out of action; the stresses in the 
other members of the portal will be the same as those 
given above; the stresses m the end posts will change in 
character. 


12. Plate-Girder Portal.— Fig 4 (c) shows a type of 
portal composed of the two transverse members A A 
and BB', usually made of angles, connected by a solid web 
or plate. The construction is identical with that of a plate 
girder. This form of portal is called a plate-glrdei 
portal, and is especially adapted to cases where the avail- 
able depth of portal is small compared with the length, as 
in the case of a shallow truss. In this Section, it will be 
sufficient to get the expressions for the shears and moments 
on the girder at various points; the methods of calculating 
the flange and web stresses from them will be fully dis- 
cussed m connection with the design of plate girders. If 
the plate-girder portal shown in Fig. 7 is cut by a plane at 
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right angles to the flanges A A' and B B' aX s. distance x 
from A C, and the portion to the left of the section is con- 
P ^ a jT sidered as a free body, it will 

' , f'T be seen that the shear on the 

4 section is equal to Y, which 

■® ^ ^ — : I is equal to P^, and, as this 

■« — x — 4 ° 

Jj is independent of x, the shear 

b - will be constant from AB to 

^ A^B' When the wind comes 
from the left, the shear is neg- 
ative; when from the right, it 

1 is positive. 

J The moment M of the ex- 
^ j-gj-jial forces on the left of 

j the section about the point a, 

Pio 7 which may be called the bend- 

ing moment at a in the upper flange, is equal to 

Xh-Yx = 

2 b 

Whenjr = 0, M = ^ 

When x: = |, M = = 0 

2 2 2 

When AT = 5, M = ^-Pk=-^ 

2 2 

The moment M' about the point a', or the bending moment 
at a' in the lower flange, is equal to 

X{h-d) -Yx + Pd = ^ + 

2 2 d 


When M = ^ 


When 

a 

When X = bf 


X(A-d)-Yx + Pd = 


When jf = 0, 
When 

When X = b, 


2 2 


M' = 


M' = ~ 


i + fA 
2 


When the wind comes from the right, the distance x is the 
distance from the section to the right end, and the moments 
are given by the same formulas. 
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13. ^Lattice Portal. — Fig. 4 (^) shows a type of portal 
composed of the two transverse struts AA^ and B con- 
nected by an open or lattice web, there being several systems 
of web members. This is by far the most common type in 
use, especially where a reasonable depth may be had — say, 
at least, one-sixth the distance from center to center of the 
end posts The actual number of web systems is usually 
from two to six or eight, but in some cases more are used, 
the number depending to a great extent on the depth of the 
portal No definite rule can be stated for sketching out or 


selecting the arrangement 
of web members, which 
depends somewhat on the 
judgment of the designer, 
and is frequently controlled 
by esthetic considerations. 

If the portal shown in 
Fig. 8 is considered cut by 
a plane ad at right angles 




to the flanges AA^ and 
B B^, and the portion on 
the left of the section is 


considered as a free body, 
It will be seen that the 
shear on the section and 
the moments about the 
points in the upper and 
lower flanges at a distance 
as those found for a plate-i 



ry ir' 


Fig 8 

from the left end are the same 
■der portal. They are, then, as 


moment at = 


follows: 

Ph . t Phx, 

shear = — ; moment at a = -5 !—• 

moment at a' = ^ 

As in the case of the multiple-system truss, it is impossible 
to calculate the stresses in the members directly by the equa- 
tions of equilibrium: in this case, it is also impossible to find 
what proportion of the load goes to each system, so that the 


. . / Ph,Pd_ 

moment at a' = 
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systems cannot be treated independently, as in the case of 
the truss. For purposes of calculation, however, it is cus- 
tomary to assume that the shear on any section cut by a 
plane at right angles to the flanges is evenly distributed 
among the web members cut by the plane; if the number of 
web members cut is n, the Y component in each member 
P h * 

IS assumed to be — . This assumption is not absolutely 
no 

correct, but is probably as close to the true condition of 
affairs as any assumption that can be made. In the present 
case, where all the web members have the same inclmation, 
if the length of one member between flanges is /, the 

Ph I 

stress in each diagonal is — - X When the wind comes 

no a 

from the left, the shear is negative, and causes tension in those 
members that slope downwards to the left, and compression 
in those that slope upwards to the left; when the wind comes 
from the right, the shear is positive, and the stresses are 
opposite to the above, but of the same numerical values. 

The stresses in the flanges may be calculated most readily 
by the method of moments. As the Y components in the 
various web members are equal, and as the inclinations of 
the members are the same, their X components must be 
equal also. Then, if a plane is passed through the center of 
one of the panels of the flanges, it will cut the web members 
at their intersections. The lever arms, and, therefore, the 
moments of the Y components of the stresses in the web 
members, about the points a and d in the flanges, will be 
equal to zero. At each intersection, there are two X com- 
ponents, equal and opposite; the sum of their moments 
about the points a and a! is, therefore, equal to zero The 
moments of the external forces about a and ct! have already 
been found. Then, the stress m A is equal to the moment 
dt a' divided by d, and the stress in B is equal to the 
moment at a divided by d. The stress in A A^ is 
Ph , P_d^ Phx 

2 2 b ^ Ph,P_ Phx 

d 2^/ 2 bd 
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and the stress in B B' is 

Ph Phx 

2 b ^ Ph Phx 
d Id bd 


The actual stresses will depend oq the value of x. If the 
web members divide the flanges into m panels of the same 

length p, the smallest value of x will be and the largest, 

A 

or When there is a large number of 

2 2 


small panels, the smallest value of ^ may be taken equal to 
zero, and the largest equal to mp^ or b. Then: 

When ^ = 0, 

•p h p 

stress in A A' = H- compression at left end 
2d 2 

When X = b, 

p h p 

stress m A A' = —773 + 0 ' tension at right end 
Ad A 

When X ^ 0^ 

p It 

stress in = rr-:) tension at left end 
2d 

When X ^ b^ 

P h 

stress in B B^ = — — tj compression at right end 
2d 

When the wind comes from the right, x is the distance 
from the right end, and the stresses in the members are 
reversed. 


14. Portal With. Knee Braces. — ^When the depth of the 
truss is such that there is insufficient room above the traffic 
for any of the portals that have been previously described, 
an arrangement similar to that shown in Fig 4 (d) is fre- 
quently used. The horizontal member A D D^A^ is the portal 
and connects the end posts at the top; the inclined mem- 
bers, or knee braces, B D and B^ connect the end posts to 
the under side of the portal, which is usually a plate or lat- 
tice girder. The reactions at C and C', and the stresses in 
the end posts below the points B and B^ ^ are the same as 
found m Art. 10. The knee braces are subjected to direct 
stresses of tension and compression; the portal is subjected 


1 L T 334—23 



22 STRESSES IN BRIDGE TRUSSES §71 


to direct stresses of tension and compression, and also to 
shearing and bending stresses. 

16. The stress in BD, Fig. 9 (a), may be found by 
taking moments about A of all the forces on the left of a 
plane of section pq cuttmg BD and AD. Denoting the X 



0 O' , 3:^1 

tr (a) \t' 




| 2 > 


'SB ^ 




(t) 


9 



component of the stress in 2? by and the length oi B D 
by I, and taking moments about A, we have 

2M= ^h-S:,d = 0; 

2 

whence S. = — 

2d 

and the stress in .5 D is 


S. sec A DB = x — = 

2d AD 

c: _Ph 
” 2 }/ 


2d bf 


Also, 
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Applying the equations IX = 0 and 2" y = 0 to all the 
forces acting at the point B, Fig. 9 (^), the stresses in AB 
are found as follows: 

Ph P 

whence 5. = , shear m A B, 

2 a 2 

y V — ^ ^ 4- 9 — O' 

P h P h 

whence 5, = — — , compression in A B 

2 a' 0 

In like manner, it may be shown that the stress in B' D' is 
Phi 

compression equal to — and the stresses m A^B^ are 

Ph P * Ph Ph 

shear eaual to , and tension eoual to . 

^ 2 * ^ b 


As this style of portal is usually very shallow and rests on 
top of the chords, it will be sufficiently accurate to ignore the 
depth of the portal itself in computing the moments. 

The X and Y components of the forces that act on the 
portal are shown in Fig. 9 {c); the stresses will now be found. 

At the joint Ay the forces are as follows, the wind pres- 
sure Py the shear and direct stress in A B, and the stresses 
in AD. Denoting the direct stress in AD by 5*, and 
writing the equation 1' X = 0, we have 

Ph P 

whence n* compression 

Ad A 


Denoting the shear in Z7 by 2., and writing the equation 
2 F = 0, we have 


whence 


2y = 

^ _Ph 

' 2y 


2 — - ^ — O' 

P h 

— , positive shear 

h 


The bending moment at any section 
nght of .^4 is 

^ {Ph Ph\ 


at a distance x to the 

X 
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Ax D, X = b't and Md 


Ph 

2 


Ph^ 

b 


, positive moment 


The forces at the joint D are the stresses in .^4 Z>, Z> Z?', 
and BD. Denoting: the direct stress in D ly by S',, and 
writing the equation = 0, we have 


S. 



= 0 , 


whence 


5. = 


P 

compression 


Denoting the shear in DD' by S,, and writing the 
equation I V = 0, 



whence Sr = — , negative shear 


The bending moment at any section of Z7Z7', at a dis- 
tance Xi from Aj is 

2 


_ jT/iXi ... 

n 7 — ) positive moment 


At D^^Xi — ^ and positive moment. 

In like manner, the stresses in may be found. They 
are as follows. 

Ph Ph , , ^ Ph P 

- -y* positive shear; and ^ tension 

Portal With. Curved Braohets. — With the portals 
shown m Fig. 4 (^) and (r), the form of knee brace or 
bracket shown in Fig. 4 {e) is frequently used; it serves 
a double purpose in decreasing the bending on the end 
post and adding slightly to the architectural appearance of 
the entrance to the bridge. In this case, the maximum bend- 
ing^oment on the end post occurs at ,£'and E\ and is equal 

to - (A - rf - fl?0, which is ^ less than when no bracket 
is used. 


The bending moment on the portal where it is m contact 
with the bracket is less than when no bracket is used. In 
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calculating the moments at various sections along the 
portal, the formulas already found m Arts. 12 and 13 may 
be used, x varying from a minimum value to a maximum 

value b — for the plate girder, and from d^ + ^ to b — d^ 

2i 2 

for the lattice portal. The shear between the brackets will 
be the same as when no brackets are used. 


17. Formulas for Portals. — The formulas necessary 
for the designs of the various portals that have been analyzed 
are shown in Fig. 10 (a) to (<?), with the wind assumed as 
coming from the left. When the wind comes from the right, 
the formulas will be the same, but will in each case apply to 
the corresponding member on the other side on the bridge. 


Example — ^In the portals shown in Fig 4, let A = 32 feet, = 8 feet, 
d =3 18 feet, y = 4 feet, d' = 3 feet, and = 24,000 pounds, the wind 
coming from the left What are the wind stresses in the different 
portals and end posts, using the formulas given in Pig 10? 

Solution. — I n Fig 10 (a), (i), (c), and (i/), the stresses in are 
as follows 


The tension is 
The shear is 


b 

P 

2 


24,000 X 32 
18 


42,700 lb. 


24,000 T 2 = 12,000 lb. 


The bending moment at B is 

^{h-d)= X (32 - 8) = 288,000 ft.-lb. 

The stresses in R' O are the same numencally as those in B C; the 
direct stress of 42,700 lb. in B^ O is compression. 

In Pig 10 (^) , the stresses in EC and E' C' are the same, respectively, 
as those in R Cand R' C', just given, except that the bending moment 
at E and at E^ is equal to 




24,000 


X (32 - 8 - 3) = 262,000 ft -lb 


1. The stresses in the members of the braced portal shown in 
Pig. 10 (a) will next be found. 

The stresses in A B, and B B^ are as follows 


. ^ Ph P 24,000 X 32 , 24,000 

\n A A , 2^ 2X8 2 


60,000 lb. 


qi - +*• - lb , 


2d 


24,000 X 32 
2X8 


inRR', 


= 48,000 lb , compression 
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The direct stress m AB is 0. 

The shear in A B and A^ B' is 

24.000X 32 ^2^ qa nm ik 
2d 2 2 X 8 2 36,000 1b. 

The direct stress m A' B' is 
Ph 24,000 X 32 

“ 18 42,700 lb., compression 

2 The stresses m the members of the lattice portal shown in 
Fig 10 (d) will next be found 

The stress in each web member is equal to 

PA I 24,000 X 32 X ,a ,nn ik 

irFd= 6 X 18 X 8 ~ 

tension in those members that slope upwards to the nght, and com- 
pression m the remaining members. 

The stress in A A' is equal to 

^ P Phxr 24,000 X 32 24,000 24,000 X 32 X ;ir 

2d'^2 bd “ 2X8 2 8X18 

= 60,000 - ;r 


= 60,000 • 


• X 16 6 = — 28,000 lb , tension 


48,000 -i2^X4f 


Since there are six panels and b ^ 18 ft., / » 3 ft ; then, at 

the left end = 1 6 ft and the stress in A A' is 

60,000 — X 1 6 = 62,000 lb , compression 

At the right end, :r = 16 6 ft , and the stress in A A^ is 

60.000 - X 16 6 = - 28,000 lb , tension 

The stress m B B' is 

PA PAx 24,000 X 32 24,000 X 32 X 16,000 „ 

-id~~bd° 2X8 " 8X18 

At the left end, the stress m ^.5' is 

48.000 - X 1 6 = 40,000 lb., tension 
At the nght end, the stress in BB^ is 

48,000 - X 16.6 = - 40,000 lb , compression 

3 The shears and moments on the plate-girder portal shown In 
Fig 10 (^) will next be found. 

Shear at any section is -^ = 42,700 lb , negative shear. 

Ph 

The moments in the upper flange are: at the left end, M =» 

P ti 

" 384,000 ft -lb , and, at the nght end, M ^ =» —384,000 £t.-lb. 

The moments in the lower flange are: at the left end, 

JJ/' = ^ ^ 480,000 


X 1 6 = 40,000 lb., tension 


X 16.6 = — 40,000 lb , compression 
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and, at the right end, 

= = - 288,000 ft -lb 

4. The stresses in the portal with knee braces, shown in Fig 10 (rf), 
will next be found 

The stresses m B D and ly are as follows* 

JIF “ + = 107,300 lb , tension 

m B^ D', = 107,300 lb , compression 

The direct stresses in ^ ^ and B^ are 
:n AB, 

Ph Ph 24,000 X 32 24,000 X 32 _ 

9 ^ “ 2x4 13 53,300 lb , compression 


in A^B\ 


^ ^ = 63,300 lb , tension 

lo' o 


The direct stresses m A Z>, DJy^ and ly A* are. 

^ n Ph 24,000 X 32 24,000 _ ™ 

in A Dy ^ + - 9 = 9yft~“* 9 — “ 60,000 lb , compi ession 


in DDfy 


P ^ 24,0 
2 2 


2X8 

24,000 


= 12,000 lb , compression 


in /y >4/ Ph P _ 24,000 X 32 24,000 non lu * 

■“! 2 x 3 2 — 36,000 lb , tension 


’ 2rf2 2X8 2 ^ 

The shears in A D, DD\ and ly A^ are as follows. 


^ n Ph Ph 24,000 X 32 24,000 X 32 

^“X = ~2X4 " 18 


63,300 lb, 


in Diy, 
in lyA^y 


Ph 24,000 X 32 


Ph Ph 


= 42,700 lb 


= 63,300 lb 


The bending moments at jD and jy are 


at il, ^ ^ X 32 _ 24,000 X 32 XJ =2i3_3ooft -lb , pos 


PA PAN 

— - ^ 213,300 ft -lb., neg. 


6. The stresses in the portal with curved brackets will next be 
found 

The stresses in the web members are the same as found in 2 
The stresses in the flanges are different, however, from those there 
found, because the smallest value of is 3 75 ft and the largest is 
14.25 ft 

The stresses m ^4 i4' and 5 5' are as follows, 
in i4 (at 3 75 ft to nght of left end), 

16 000 

60,000 75 =40,000 lb , compression 
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laAA' (at 3 76 ft. to left of rigM end), 


10 QQQ 

60,000 =r-X14 25= -16,000 lb , tension 


in B S' (at 3 76 ft to nght of left end), 

16,000 

48,000 ^X3 75 = 28,000 lb , tension 

m B (at 3 76 ft to left of nght end) , 

16,000 

48,000 — X 14 26“ —28,000 lb , compression 

o 

18. Fixed End Posts. — In the preceding discussion, it 
was assumed that the end posts were hinged at the bottom, 
or free to turn. When they simply rest on pedestals, this is 
Very near the actual case, and the bending moment at the 
lower joint is zero. When they are firmly riveted at their 
lower ends to floorbeams or cross-braces of considerable 
depth, they offer some resistance to bending at these points, 
and this bending is opposite in direction to that at the lower 
connection of the portal. 

Then there is a point of 
inflection somewhere be- 
tween the bottom of the 
end post and the portal, the 
actual location of which de- ? 
pends on the nature of the 
top and bottom connec- 
tions. For all ordmary 
cases, in a well-designed 
bndge, if the end posts are 
fixed at top and bottom, the 
point of inflection will be 
about midway between the 
lower joint and the lower line of the portal; to allow for 
lack of sufficient rigidity at the lower joint, it is well 
to consider the point of inflection never higher than one- 
half the distance from the lower joint to the lower line 
of the portal. The actual location of the point of inflec- 
tion may be found for each case, but as its determination 
involves the use of advanced mathematics, it will not be 
given here. 



Fig 11 
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As the bending moment at the points of inflection is zero, 
the only stresses in the end posts at those points are the 
direct stresses and shears, the V and X components. In 
Fig 11, let z and z' represent these points at a distance A' 
from the top of the portal. Then, if moments are taken 
about z and z', it will be found that 

P^= Y>-, also, ^ 

As these are the same as though the end posts were sup- 
ported at the points z and z', the stresses in the portals may 
be found by means of the formulas already deduced, substi- 
tuting for h, in each case, the distance A'. It is clear that the 
stresses in the end posts and portal are decreased by fixing 
the end posts at the bottom. 

Example — In Fig 4 {d ) , suppose that the wind pressure and 
dimensions are the same as given in the example in Art 17. What 
are the ivind stresses in the end posts and members of the portal, 
assuming that the point of inflection is located one-third of the dis- 
tance from C to By that is, 8 feet above C and C', so that A' = 24 feet? 


Solution — The stresses will be found by the formulas given in 
Fig 10 (A), substituting h' for A. Then, the direct stresses in the end 
posts are 

phf 94 000 V 24 

-y = ’ — = 32,0001b , tension in 5 C and compression in ^ 

The shear in ^ C and O is 
P _ 24,000 
2 2 

The moment at B and B' is 


= 12,000 lb. 


2 (A' - = 12,000 X 16 = 192,000 ft.-lb. 


The stress in each web member is 


Ph' I _ 24,000 X 24 X VO* + 8* 
ni>d 6X18X8 


8,000 lb., 


tension in those members that slope upwards to the nght and com- 
pression in the others 
The stress m A A' is 


Ph^ P 
2 


Phfx 2*.000 X 24 , 24,000 X 24 X;p 

bd ~ 2X8 8X18 


= 48,000 - 4,000 

At the left end, x = Ih, and the stress is 

48,000 — 4,000 X 1 6 = 42,000 lb., compression 
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At the right end, :ir s= 16 6, and the stress is 
48,000 - 4,000 X 16 6 = - 18,000 lb 
The stress in B is 


tension 


2d 


Ph^x 


24,000 X 24 
2X8 


24,000 X 24 X ^ 


bd 2X8 8X18 

At the left end, :ir = 16, and the stress is 

36,000 - 4,000 X 1 5 = 30,000 lb , tension 
At the right end, ;ir = 16.6, and the stress is 


* 36,000-4,000 4: 


36,000 - 4,000 X 16.6 = - 80,000 lb , compression 
It will be seen that in this example all the stresses are less than 
those found in the example in Art 17, except the shear m the end 
posts, which IS the same 


19. Wind Effects on the Main Truss. — ^The Y com 
ponents of the stresses in the end posts act directly along 
the members, and must be combined with the dead- and live- 
load stresses, m order to get the maximum stresses. On the 
leeward side, the compression due to the wind must be added 
to the dead- and live-load compression to get the maximum, 
on thj windward side, the tension due to the wmd must be 
subtracted from the dead- and live-load compression, or 
probably from the dead-load compression, to get the min- 
imum stress. The latter is of interest only when the tension 
due to wind is greater than the dead-load compression, in 
which case the truss must be well bolted down to resist over- 
turning The direct stress in an in- 
clined end post due to the wind causes 
a stress in the lower chord, as shown in 
Fig. 12 If Y is the direct wmd stress 
in the end post, then Y cos H is the 
wind stress in the lower chord, due to fiq 12 

that in the end post, and it is constant from end to end, 
being tension on the leeward side, and compression on the 
windward. 

The total wmd effects on the chords of the main trusses 
are as follows: 

Top Chords . — Stresses due to their positions as chord 
members of the upper lateral truss, and stresses caused by 
the increase or decrease in the vertical load due to the over- 
turning efiEect. 



\ TccmS 



32 


STRESSES IN BRIDGE TRUSSES 


§71 


Bottom Chords — Stresses due to their positions as chord 
members of the lower lateral truss, stresses caused by the 
increase or decrease in the vertical loads due to the over- 
turning effect, and stresses due to the direct wind stresses in 
the inclined end posts. 

20. Sway Frames. — In a deck bridge, the wind pressure 
that comes to the upper lateral system is transmitted to the 
abutments or supports by bracing in the planes of the end 

posts, similar to that shown in 
Fig. 13. The two transverse 
members AA^ and together 
with the diagonals A B' and A^ B^ 
are usually called a sway frame. 
The diagonals are assumed to re- 
sist tension only; so, if the wind 
comes from the left, the member 
A^ B will be in action. 

The reactions at B and B^y due to 
the load at may be found from 
the equations of equilibrium. Taking moments about and 

r= P^, and Y>=F^= Y 
0 b 

In regard to the X component of the reactions, it is evident 
that there is some at B and some at but, as the point of 
overturning is at it is safe to assume Z' = /^ and = 0. 
Then, the stresses in the members are as follows: 


Mbmbbr 

Stress 

A A' 

Py compression 

A>B 

P sec Hy tension 

AB> 

0 

A'B' 

nh 

P — , compression 

Q 

AB 

0 

BB> 

P, compression 


21. Deck and through bridges are given additional lat- 
eral stiffness by means of vertical transverse or sway frames 
at every panel point or at every other panel point. In the 
through bridge, these are of the same general form as the 
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portals already discussed; they are made as deep as condi- 
tions will allow In the deck bridge, they are made the 
same depth as the trusses. As the upper and lower lateral 
trusses, together with the bracing in the planes of the end 
posts, form a complete system for transmitting lateral forces 
to the supports, it is impossible to tell how much load comes 
on these intermediate frames. The stresses in them are 
usually found in the same way as in the end sway frames 
and portals already described, on the assumption that they 
are supported at the bottom chord, the load at the top joint 
being taken equal to one-half a top panel load. This simply 
affords a basis for design, and is not intended to relieve the 
wind pressure on the upper lateral truss. 

Example — In Pig 13, let A = 25 feet and d = 18 feet. If the wind 
pressure Pis equal to 20,000 pounds coming from the left, what are 
the stresses m A A^, A’ and B 

Solution. — The stress m A A' is P ^ 20,000 Ib , compression; the 
stress in B is 

Psec H = 20,000 X = 84,200 lb , tension; 

and the stress in ^-5' is P = 20,000 lb , compression. Also, the com- 
pression m A^ IS 

p\ = 20,000 X II = 27,800 lb. Ans. 

0 lo 


EXAMPLES FOR PRACTICE 

1 In the portal represented in Fig, 4 (a), it h — 32 feet, d = 16 
feet, and P — 20,000 pounds coming from the left, what is the direct 
stress in B C, assuming the end posts to be hinged at the bottom? 

Ans. 40,000 lb., tension 

2. If the dimensions and wind pressure are the same as in the pre- 
ceding example, and = 4 feet, what is the stress in B B^'i 

Ans. 80,000 lb , compression 

3. If the dimensions and wind pressure on the portal shown m 
Fig 4 {b) are the same as described in examples 1 and 2, what is the 
stress m the first panel at the left end ot A A*} 

Ans. 76,700 lb , compression 

4. In the portal shown m Fig 4 (rf)i if A = 24 feet, ^ = 18 feet, 

d — S feet, = 6 feet, and P = 12,000 pounds, coming from the 
right, what is the stress in B D? Ans. 30,000 lb., compression 
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OENTRIFUGAIi FORCE 

22. Value of Centrifugal Force. — When the track that 
crosses a bridge is curved, the cars tend to move along the 
tangent, thereby exerting a lateral thrust, the amount of 
which can be found from the formula for centrifugal force 
given in Kinematics and Kinetics, namely, 

gr 

In the present case, W is the weight of the train, in pounds 
per linear foot; v, the velocity of the train, in feet per second; 

the acceleration due to gravity; r, the radius of the curve, 
in feet, and F, the value of the centnfugal force, in pounds 
per Imear foot. In practice, it is customary to express the 
speed of the train in miles per hour, and the degree of curve 
in degrees. If V represents the speed in miles per hour, 
then 6,280 V r . , 

60 X 60 

If D represents the degree of curve, the radius r is approxi- 
6,730 
D 

the formula for /s we get 

^ / 6 . 280 FV 
^ \60 X 60/ 


mately equal to 


feet. Substituting these values in 




32.16 X 


6,730 

D 


= .00001167 


The value of the centrifugal force is sometimes given as a 
percentage of the live load. For mstance, for a speed of 
60 miles per hour on a curve of 2°, the centrifugal force is 
.00001167 X 60* X 2 X W .0684 W, 
that is, 5.84 per cent, of the live load. If, in this case, 
W is 4,000 pounds per linear foot, then F is 4,000 X 0684 
= 234 pounds. 


23. Distribution of Doad. — The track on a curve is 
subject to the action of the weight and centrifugal force of 
the train. In practice, it is customary to make the outer rail 
on a curve higher than the inner rail, by an amount sufl&cieni 
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to cause the resultant of the weight and centrifugal force to 
be perpendicular to the plane of the track half way between 
the rails. Under this condition, the loads that come on the 
rails are equal; but, as the track is curved, and, therefore, 
not the same distance from the trusses at every point, the 
loads at the panel points are not equal. Fig. 14 represents 
the cross-section of a through bridge having the width d, and 
shows the center line of the bridge; the surface TV of 
the track; the plane aa^ of the lower lateral truss; the Ime 
of action, perpendicular to TV, of the resultant Q of the 
weight and the centrifugal force; and the intersections p and q, 
respectively, of the line of action of Q with TV and aa\ 
The inclination of TV is much exaggerated to make the 
explanation clearer. 

If Q is resolved at q into its vertical and horizontal com- 
ponents W and F, respectively, the force F, being horizontal, 
will be resisted directly by the lower lateral truss, and W 
will be resisted by the vertical trusses. If ^ is the distance 
of q from the center line of the bridge, the amount of W 
that goes to the outside truss is 



and the amount that goes to the inside truss is 



24. Eccentricity ol Track. — ^The distance e. Pig. 14, 
from the center line of the track to the center line of the 
bridge is called the eccentricity of the track. The eccen- 
tricity varies along the bridge, as shown in Fig. 15, in which 
LM the center line of the bridge; ABC, the center line 
of the curved track; and A C, the chord to the curve between 
the ends of the bridge, B B^ being the middle ordinate. The 
values of the eccentricity for the different panel points can 
be computed from the curve of the track; they may be called 
e%, e%, etc. The distance Fig. 14, is the sum of e and 
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the latter being the horizontal distance from/, the intersec- 
tion of Q with the surface of the track, to q, its intersection 
with the plane of the lower lateral truss. 

In Fig. 14, let represent the gauge of the track; the 
superelevation of the outer rail, and pOy the vertical distance 
from the point p to the plane of the lower lateral truss, which 
will be assumed horizontal. Then, as the two triangles 

, and qpo Qxe similar, we 

® have the following pro- 


portion: 

q_o ^ g^. 
op ig^' 
whence 

go = e" 

For all practical pur- 
poses, fg^ may be taken 
equal to gg'; letting 
gf = E, gg^ = (?, and 
po = /^i, and substitu- 
ting these values in the 
foregoing equation, we 
obtain 

The value of is the 
same at every point of 
the track. 

In Fig 15, the dotted 
curve q^ q^' shows the 
points of intersection of 
the resultant for the 
whole train with the plane of the lower lateral truss. At 
the floorbeam d it lies inside the center line of the bridge; 
then the amount of vertical load that goes to the outside 
truss at this panel point is 



2 h 
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and the amount that goes to the inside 
truss is 


JV 

2 


+ 



For spans shorter than about 75 feet, 
it is customary to make the distance B 
Fig. 15, from the center Ime of the track 
to the center line of the bridge, from one- 
half to one-third the middle ordinate B B\ 
and to assume that each girder carries 
one-half the vertical load, the same as 
for a bridge on a straight track. For 
longer spans, it is customary to find first 
the panel loads as though the track were 
straight, and then increase or decrease 
them according to the location of the 
center line of the track at each floorbeam. 


25. Dateral Bracing. — In a through 
bridge, the centrifugal force is trans- 
mitted to the lower lateral truss by the 
floor, and the stresses in the members are 
found in the same way as those due to 
wmd. In a deck bridge, the centrifugal 
force is transmitted by the floor to the 
upper lateral truss, and by it to the sway 
frames; the stresses m the members are 
found in the same way as those due to 
wind. Centrifugal force causes stresses 
in but one set of diagonals, as it acts in 
but one direction. 

Example— A tram of cars weighing 6,000 
pounds per linear foot, moving over a curve of 
3° at the rate of 40 miles per hour, crosses an 
eight-panel through bridge having a span of 
160 feet and a width of 20 feet If the outer rail 
IS elevated 266 ft , and the center line of the 
bridge is located two-thirds of the middle 
ordinate from the chord to the curve {^B 
=« \BB\ Fig. 16), what is. (a) the panel load 


ILT 334—24 
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for the lower lateral truss caused by the centrifugal force, (d) the cor- 
rection to be applied at each panel point of the outside truss due to the 
eccentricity? Assume that the distance from the surface of the track 
to the lower lateral truss is 4 feet, and that the gauge of the track is 
4 71 feet. 

Solution —(a) F = 00001167 X 40 X 40 X 3 X 5,000 = 056 X 6,000 
= 280 lb per Im. ft 

The panel load for the lateral truss is 280 X 20 = 6,600 lb Ans 

(d) The perpendicular distance from the center of the curve 
(F = 1,910 08) to the chord (length = 160 ft.) is equal to 1,908 40 ft. 
Then, the middle ordinate is 1,910 08 — 1,908 40 = 1 68 ft The ordi- 
nates ^ 1 , tfg, and tfa at the other panel points, from the chord to the 
curve are as follows 

Point d, = Vl.OlO 08* - 60* - 1,908 40 = 74 ft. 

Point c, e, = V1.910 08* - 40* - 1,908 40 = 1 26 ft 

Point d, e, =i >fl,910 08* - 20^ - 1,908 40 = 1 68 ft. 

The center line of the bndge is two- thirds the middle ordinate, or 

1 12 feet, from the chord, then, the distances e from the center line of 
the bndge to the curve are as follows. 

Point 6, = 74 - 1.12 = - .88 ft. 

Point c, = 1 26 - 1 12 = .14 ft. 

Point d, 4? = 1 68 - 1 12 = 46 ft. 

Point fP, (P = 1 68 - 1 12 = 66 ft 

The distance from the center line of the track to the line of inter- 
section of the resultant with the plane of the lateral system is equal to 

^ X .265 = .22 ft 

and to find the distances p', it is simply necessary to add this distance 
to the values of e just found, they are as follows 

Point d, p' = - 38 -h 22 = - 16 ft. 

Point p, p' = -f 14 H- 22 = -i- 36 ft 

Point d, p' = + 46 + 22 = -(- 68 ft. 

Point p, p' = + 56 -h 22 = -1- .78 ft 

Then, the corrections at the panel points aie as follows: 

Point b, (6,000 X 20) X = - 800 lb. 

Point c, W= (6,000 X 20) X -^ = + 1.800 lb. 

Point d, IV = (6,000 X 20) X -^ = + 3,400 lb. 

Point e, W= (5,000 X 20) X -^ = + 3,900 lb. 
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EXAMPLES FOR PRACTICE 

1. A railroad tram weighing 5,000 pounds per linear foot is 
moving at the rate of 60 miles an hour on a 2° curve, and crosses a 
ten-panel through bridge having a span length of 200 feet What 
is the panel load for the lower lateral truss due to the centnfugal 
force? Ans 5,886 lb 

2 A railroad tram weighing 4,600 pounds per linear foot is 
moving at the rate of 60 miles an hour on a 3° curve, and crosses 
a twelve-panel bridge having a span length of 180 feet. What is the 
panel load for the lower lateral truss due to the centrifugal force? 

Ans. 8,607 lb. 


SKEW BRIDGES 

26. Description. — In all that precedes, it has been 
assumed that the trusses were symmetrical about the center, 
and that the line connecting the end joints over the supports 
was at right angles to the center line of the bridge. It fre- 
quently happens, however, that the center line is not at right 
angles to the abutments or piers, in which case the line con- 
necting the ends of the trusses is not at right angles to the 
center line. Such bridges are termed skew bridges, and 
give rise to conditions that require separate consideration. 



PiQ 16 

27. Skew Crossings. — In locating a new line, either 
for a highway or for a railroad, it is sought, as far as 
possible, so to arrange the almement that all bridge cross- 
ings shall be at right angles to the obstacle, usually either a 
road or a stream, ^o be crossed, as shown in Fig. 16 (a); 
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such a crossing is economical because it is shorter than any 
other. Local conditions and the topography of the country 
occasionally render this impossible, and the line crosses at 
an angle other than 90'’. If the angle is only slightly less, 
as shown in Fig. 16 {b)y the piers and abutments may be 
placed at right angles to the center line of the bridge, if 
much less, this plan may seriously interfere with the water- 
way or other clearance required, and increase the length 
of the bridge, as shown by the dotted lines in Fig. 16 (r). 
In such a case, the piers and abutments may be placed 
parallel to the stream or road, thereby making the same 
angle as the latter with the center line of the bridge. In 
eliminating skew grade crossmgs of two existing roads, it is 
frequently impossible to change the alinement of either and 
inadvisable to increase the length of the bridge by placing 
the abutments at right angles to the center line, m which 
case the latter may be placed parallel to the lower road, and 
the bridge built on a skew. 

28 . Arrangrement ol Panels, Floor, and Lateral 
System, — Near the ends of a skew bridge, the panel lengths 
are, m some cases, not equal to those near the center. This 
is due to the fact that the floorbeams are placed at right 
angles to the center Ime, and are spaced the same distance 
apart near the center of the bridge, bringing the panel points 
of the two trusses directly opposite; the amount of skew ( that 
is, the distance, measured along the center line, that one truss 
is ahead of the other) is made up in the end panels. The 
arrangement of the panels and of the floor and lateral system 
depends to a great extent on the distance center to center 
of the trusses and on the angle of skew, each case requiring 
separate treatment. The general method will be illustrated 
by considermg a special case. 

In Fig. 17, {a) is the top view; {b), the side elevation of 
one truss; and (c), the lower lateral bracing of a skew 
bridge; the span of the bridge is equal to I, the perpen- 
dicular distance from center to center of the trusses is by 
the angle between the center line of the bridge and the 
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abutments is and the height of trusses is h. In this 

particular case, the angle B of skew is about 45°, and 
the amount of skew s, or dcot^, is very nearly equal 
to the panel length. Therefore, the hip vertical at one 
end of each truss may be located directly opposite the 
end joint of the other, making the end panels and 
Fig. 17 (i:), equal to s. In order that the end posts may 
have the same slope, it will be well to make the end 
panels a ! and ag at the other ends of the trusses equal 

\/ c' f i' a" \a' 



Pio 17 


also to s; then, as the floorbeams are at right angles to the 
trusses, c and d are, respectively, opposite^' and^, and the 
panels d d and ec are also equal to s. For the sake of uni- 
formity, each of these panel lengths, although equal to 
will be called For each truss, then, there are three 
equal panels the remaining length, I --Zi/y included in 
the area dgcg^y Fig. 17 {c)y may be divided into a number 
of equal panels — in this case, five. 

29. Panel Loads and Beactlons. — As the panel 
lengths are different, the panel loads will be different; those 
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from g to Fig. 17 (^), are found by multiplying the load 
per linear foot for one truss by one-half the sum of the 
lengths of the adjacent panels. The panel load at e is 
greatest when the truss is loaded from c to /, and is then 
equal to one-quarter the load m the area eg' a' plus the 
amount that comes from the triangular areaa'<?/, Fig 17 {c). 
If the load is w pounds per square foot, uniformly dis- 
tributed, the total load in the area eg' a' e is wbp'y and the 

wbp' 

4 ‘ 


amount of this that goes to e is 


As the area of the 


triangle a' ef is the total load in this area is 

2 2 


To 


jSnd what portion of this goes to it is well to consider it 
concentrated at the center of gravity of the triangle a' at 
a distance from a' f equal to one-third the distance from e 
to «'/. Then, taking moments about the line a' we find 

that one-third of or — goes to e> The panel load 

2 6 

at e IS, then, 


wbp' 

4 


6 

wbp' _ hw bp' 
6 “ 12 


In a railroad bridge, the live load is usually given as a 
uniform amount w" per linear foot of track, and it is suffi- 
ciently accurate to assume the load in the end panel equal to 
the load per linear foot multiplied by the distance, measured 
along the center line of the bridge, from the end floor- 
beam a' e. Fig. 17 (e), to the abutment. As this distance 

is the load is one-half of this, or goes to the 

2 iS 4 


end floorbeam, and one-half of this 


portion, or 


w"p^ 


to 


As the panel lengths are unequal, they cannot be used as 
a unit in calculating reactions and bending moments, as 
heretofore. 


30. Lower Lateral Truss. — The floorbeams and 
o! Fig, 17 (^), rest on the masonry, or are connected 
to the trusses at a and a' ^ respectively, and it may be 
assumed that the lower lateral truss is composed of seven 
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panels with a span equal to / — pK When the wind is blow- 
ing in the direction shown, the diagonal ad transmits the 
pressure directly to the support at < 2 , and e to the end of 
the floorbeam ea\ which transmits the load that comes 
from g^ e, and the wind panel load at <?, to the support. As 
the panel lengths are unequal, the wind and centrifugal panel 
loads will be unequal. 

31. Upper JLiateral Truss. — In the upper lateral sys- 
tem, the transverse struts O G and C Fig. 17 (^), connect 
the hip joint of one truss with the opposite joint of the other, 
and may be looked on as the limit of the upper lateral truss, 
which will then have five panels with a span equal to / — 3^. 
When the wind is blowing in the direction shown, the diag- 
onal GJ^ transmits the pressure to the portal at and P C 
to the strut CG 2 XC, which transmits it, together with the 
wind panel load at C, to the portal at G^ , 

32. Skew Portal. — The portal of a skew bridge is 
called a skew portal. In Fig. 17 (a), the upper line GE 
or O E oi the portal lies in the plane of the upper lateral 
truss, and connects the upper joints of the end posts, it is 
horizontal, and makes the same angle B as the abutments 
with the center line of bridge. Each portal lies in a plane 
that passes through both end posts, the lower line bemg 
parallel to the upper line of the portal; the plane at the left 
end intersects the plane of the lower lateral bracing in the 
line a which is horizontal. The portal is shown revolved 
about the line aP into the plane of the paper and in an 
upright position in Fig. 18. The general methods that have 
been described for finding the stresses in portals may be 
applied in this case; as the calculation is somewhat compli- 
cated on account of the several angles involved, the formulas 
for the skew portal will now be found, considering the left 
portal and assuming the wind blowing in the direction 
shown. The wind pressure that is to be resisted by the 
portal is the amount transmitted to joint G, Fig. 17 (a), by 
the diagonal GP, plus the wind panel loads at G, C', and E. 
If the force acting at G at right angles to the upper chord 
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(parallel to the direction of the wind), due to the tension 
in GJ' and the wind panel loads at G and C', is denoted 
by P, the force P, in the direction GEf equal to P esc 
if the wind panel load at E is P' , then the force PJ in the 
direction is equal to P' esc 5, as shown in Fig. 18. 



Fio 18 


The reactions at a and /', resolved into components parallel 
and perpendicular, respectively, to the line of action of 
A and are X and Y and F'. Then, 

+ + 

and, as X and X^ may be assumed equal, 

Z = 

Also, F= F' = + 

V ~h CSC B\ A, = A, sin Z = A esc H sin L 
The customary method of finding the stresses in the web 
members is to consider the portal cut by a plane, such as QR, 
Fig 18, at right angles to the flanges, and assume that the 
shear on the plane is evenly distributed among the web 
members cut by it. If there are n members cut by the 

plane, the Y component in each member is — , or, in this 

n 

case, (P, + Pj') and the stress in the member is — 
bn „ 
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multiplied by the cosecant of the angle beween the web 
member and the flanges. 

The stresses m the flanges may be found approximately in 
the same way as in Art. 13; that is, by considering the 
portal cut by a plane at right angles to the flanges, treating 
the portion on one side of the plane as a free body, and 
applying the equation = 0 to this portion, neglecting 
the effect of the web. In Pig. 18, let be at a distance ;r 
from and assume that the stress in GE' is compression, 
and m //O tension. Then, applying the equation 2 M 0 
to the portion of the portal on the left of QR, the stresses 
in GE^ and jIVO are as follows: 
in G£', 


y' (r + x)- X' {k, - d) ^ P,' d 


mNO, 


d 

d 


, compression; 


, tension 


The value of r is found by the equation 
r = cos L 

In case the numerical values of these stresses come out 
negative, they are opposite in character to the stresses just 
given; that is, the stress in GE^ will be tension, and in N 0 
compression. 

In order to find the stresses in the end posts below 
the portal, it is necessary to compute the components 
X, and AT/, Y, and K/ of X and AT', Y and K', in the 
direction of, and at right angles to, the end posts. Letting 
L represent the angle E^ V a, the components are as 
follows: 
at /^ 

= AT' sin A - y' cos A; F/ = F' sin A + AT' cos A; 
and at a, 

AT, = Af sin A + F cos L\ Fi = F sm Z, — AT cos L 

Then, the stresses in the end posts are as follows; 

The stress in /' O is F/, compression. 

The shear in /' (y is XJ. 

The moment at (y is X^ \_{h^ — d-- dx) esc A] 

The stress in aN' is Fj, tension. 
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The shear in aN^ is X^, 

The moment at is Xx [(^, ^ d--- dx) esc Z,]. 

To find the value of the angle L in terms of quantities 
that are known, it is well to consider Fig. 19, which is a 
perspective drawing of the bndge represented in Fig. 17. 
In Fig 19, f G a and f E O a! are the planes of the portals. 
At the left end, the line ^ is horizontal and perpendicular 
to /' a\ then, the triangle d kf is a right triangle. As E^ d is 
vertical, the triangle E^ d k is also a right triangle. If the 
line d k\.% revolved about the line aP and kept always per- 
pendicular to it, it will generate a plane at right angles to a /' 
that intersects the plane of the portal in kE^\ the tri- 
angle V kE^ IS, therefore, a right triangle. Then, 
h 

cos L = k ^ d k Qot B ^ b cos B cot B\ 

E' f* 


whence 


= hx = k esc Hi 
cos Z. = T cos B cot B sin H 


It is sometimes desired to find the angle E^kd between 
the plane of the portal and a horizontal plane. Let K 
represent the angle E^kd\ then, 

tan K = E'e' = h. ^ k = b B\ 
d k 

whence tan K ^ \ sec B 

b 

When K is known, L may also be found as follows: 

sm Z, = E'k = h CSC K\ E'E = h, = h esc H\ 

whence sin A = sin ZT esc K 

If the end posts are fixed at their lower joints, the stresses 
in the end post and portal may be found by assuming that 
the end posts are supported and hinged at points one-third to 
one-half the distance from their lower ]omts to the lowest 
point of the portal or brackets. 
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VIADUCTS 

33, Definition. — A viaduct is a bridge, commonly of 
stone or steel, made up of several spans that rest on inter- 
mediate supports, and is used to carry elevated railways 
through city streets, or to carry a highway or railroad 
across a valley or stream, generally at a considerable dis- 
tance above it The stresses in each span may be analyzed 
according to the principles already discussed, and the sup- 
ports are all that remain to be considered. 

34. Elevated Railways. — In elevated railways, the 
mam girders or trusses that carry the track are usually con- 
nected to cross-girders that rest on columns, the latter are 
supported on masonry piers at or about the level of the 
ground, and are firmly bolted to them, and so may be 
considered fixed in direction. 

A typical elevation and section of such a structure built 
for two tracks is shown in Fig. 20. The cross-girders 
transmit the loads at B and C to the columns at A 
and Z?, and receive their maximum stresses when both 
tracks are loaded on the two adjacent spans. The columns 
transmit the vertical loads from the cross-girders and 
the outside-track girders to the piers, and also receive 
their maximum loads when the adjacent spans are fully 
loaded. 

36. Column Bracing. — As the clearance between the 
columns below the cross-girders is usually required for street 
traffic, it is impossible to insert any diagonal sway bracing 
to resist the wind pressure and centnfugal force When- 
ever possible, knee braces or curved brackets are inserted 
under the cross-girders. Then the two columns and cross- 
girder form a structure similar to the end posts and portal 
s)f a through bridge, and the direct, bending, and shearing 
stresses in the columns due to centrifugal force and to the 
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pressure of the wind on the cars and girders 
may be found in exactly the same way as 
for a portal For this purpose, the formulas 
given in Fig. 10 may be used. In com- 
puting the wind pressure, it will be sufficient 
to consider the exposed area of one girder 
and one tram of cars; the others will be shel- 
tered, If the lower end of the column is 
firmly bolted to the masonry, the points of 
inflection C and C/, Fig. 20 (^), may be 
assumed to be midway between the top of 
the pier and the bottom of curved bracket. 
Then, if P represents the total wind pres- 
sure over one span on cars and girders, the 
horizontal reactions at C/ and C, are each 

^ 4. P ^ h — 

equal to "2^2 

There is also to be resisted the longitudinal 
thrust exerted by a tram of cars coming to 
rest when the brakes are set. This thrust is a 
maximum when the brakes are set so hard that 
the wheels stop turning and slide on the rails; 
it is usually taken equal to one-fifth the weight 
of the cars. It is transmitted to the piers by 
the columns, which thereby receive bending 
stresses In the double-track structure shown 
in Fig. 20, the thrust for each track is trans- 
mitted by oae row of columns; and in a single- 
track structure by both rows If the longi- 
tudinal thrust per linear foot for one track is t, 
and the length of span /, the amount T that 
is transmitted by one column is //, and, assu- 
ming that the columns are well bolted at 
the bottom, the bending moment at F is 
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STEEL TRESTLES 


36. General Description. — Fig. 21 shows the eleva- 
tion [a) and section [b) of a typical 



steel trestle for carrying a railroad 
or highway across a deep valley. 
The track or floor is earned on gir- 
ders or trusses forming alternately 
long and short spans, I and respect- 
ively. The adjacent ends of each 
two consecutive spans are supported 
by a pair of columns, the tops of 
which are about under the main gir- 
ders or trusses. These columns are 
battered, or sloped outwards, toward 
the ground. The two columns sup- 
porting the corresponding ends of the 
two trusses or girders in each span 
are ngidly braced by horizontal struts 
and diagonal members in vertical 
planes at nght angles to the track. 
The combination formed by the two 
columns and the bracing is called a 
trestle bent. The trestle bents that 
come under the two ends of each short 
span V are connected to each other 
by horizontal struts and diagonal 
bracing in inclined planes parallel to 
the direction of the track. The two 
bents, together with the bracing, form 
a tower. The short spans, which 
extend from one side of the tower 
to the other, are called the tower 
spans, and are usually about 30 feet 
in length; the long spans, which ex- 
tend from one tower to the next, 
are called the main spans, and are 
usually not less than about 60 feet in 
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length, the maximum depending to a great extent on the 
height of the columns. 

The maximum vertical load on a bent occurs when the 
adjacent spans are fully loaded. If the length of the tower 
span is that of the mam span /, and the load per linear 

foot the vertical load W on trestle bent is 

one-half of which is carried by each column. If the angle 
between the center line of the column and a horizontal line 
at right angles to the center line of the bridge is as 
represented in Fig. 22 (3), the compression in the column 

due to the vertical load is esc JI, and the compression in 

the upper transverse strut A A' is ^ cot ff. 

2 

37. Transverse, or Sway, Bracing. — The diagonal 
bracing is usually arranged so that the slope is about 46°; in 
a high tower, the bracing divides the height into a number 
of stories. The stresses in the bracing are usually found 
by the graphic method. For purposes of illustration, both 
the graphic and the analytic method will be explained here. 
Fig. 22 (a) represents a trestle bent with dimensions as 
shown, the wind pressure on the train for a length equal to 
I I' 

- + o IS Pij acting at a distance of above the top of the 

Z u 

bent; and the wind pressure on the rails, ties, and girders, 
for the same length is A, acting at a distance of hj above 
the top of the bent. The wind pressures transmitted to the 
jomts Ay By Cy etc. by the members of the bent are /!,, P., 
etc As the wind is blowing from the left, the diagonals 
A^ By B^ Cy C Dy etc. will be in action. 

To find the stress in a diagonal, such as A^ By the bent 
may be considered cut by a plane, such as rSy Fig. 22 (a), 
that intersects the diagonal and the two columns, and the 
portion above the plane may be considered as a free body. 
Then, applying the equation A/ = 0 to the external 
forces above the section r Sy and taking the center of 
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moments at the intersection I of the two columns, the stress 
in. A' B is 


PAi - hj) + PAi - hj) + P.i 


, tension 


In like manner, the compression in B B' is 

p^{i . ^ kj) + A f + P, it + k,) 

2 + ^1 


The stresses in other diagonals and transverse struts may 
be found m a similar way. For the stress in FF\ it will be 
well to consider that the whole horizontal load is carried to 
F^, in which case the stress in FF^ will be equal to the 
moment of all the forces above the point F about /, inclu- 
ding the load at F^ divided by the lever arm t + h oi FF^. 

The distances b, etc., Ai, A,, etc., and the angle are 
determined by the style and general dimensions of the 
viaduct; from them, the distances 2 , Zi, Za, etc. may be found 
as follows: 

i = I tan H 

= IB sin sec H sin {H - Hr) 

A 

U = I* sec /f sin etc. 

2t 


38. wind Stresses In ColUTnns. — To find the wind 
stresses in the columns, the portion of the bent above such 
a section as r j may be considered. The stress in either 
column may be found by taking moments about the inter- 
section of the diagonal with the other column. It will be 
convenient to resolve the stress into its X and Y components 
at the joint opposite the center of moments, and to multi- 
ply the Y component by esc H. Thus, with the center of 
moments at A\ the stress in .^4 5 is 

P^ hx + P^h^ ^ tension 

b 


With the center of moments at B^ the stress in A^ B^ is 

Px + hx) -f Pt + hx) + P^hx compression 

bi 


ILT 334 — 25 
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With the center of moments at F, the stress in S' F' is 
compression equal to 

{[A + h) + PAhJ + h) + P.h + PAh -- h,) 

+ A (k^+ K + hj,) +Pe (^4 + ^.) + Pihs'] — bA X CSC N 

The stress in any other portion of the columns may be 
found in like manner. The maximum compression wiP 
occur at the lowest section on the leeward side, in this case 
E' and will be equal to the compression due to the ver- 
tical load plus that due to wind pressure; this is also the 
maximum vertical load on a pier. 

For the minimum compression in the columns, there are 
two cases to be considered 

1. When the adjacent spans are iully loaded In this case, 
the compression due to the live and dead loads is decreased 
by the tension in the windward column due to a wind 
pressure of 30 pounds per square foot agamst the exposed 
surface of the cars and structure. 

2. When the adjacent spam are unloaded. In this case, 
the compression due to dead load alone is decreased by the 
tension m the windward column, due to a wind pressure of 
60 pounds per square foot against the exposed surface of 
the structure alone. The minimum compression occurs in 
the lowest section of the windward column, in this case EF^ 
but this is not the minimum vertical load on the pier; the 
latter is further decreased by the vertical component of the 
tension in so that the mmimum load on the windward pier 
may be negative; that is, there may be a tendency to uplifting 
at/s even though the minimum stress in -S' is compression. 


39. Anchorage. — To find the reaction on the wmdward 
pier, without considering the stresses in the members, the 
point may be taken as the center of moments for all the 
external forces acting on the bent. Then, denoting by W 
the total load on a bent, and assuming that the reaction at F 
acts vertically upwards, its value is 


^ — moment of all wind pressure about F^ 
2 
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If this comes out positive for both cases outlined in the 
preceding example, no anchorage is required; if it comes 
out negative for either case, there must be a weight of 
masonry in the pier equal at least to the negative reaction, 
although for safety it is usually made not less than twice 
that amount. 

40. Graphic Method. — The stresses may be found by 
means of the stress diagram much more quickly than by the 
analytic method Those due to the vertical load may be 
found by drawing the triangle of forces, Fig. 23 {d)^ for a 
W 

load of — , and the stresses in A A' and ^ at point A. 

A 

In finding the wind stresses, it will be well to consider 
first the pressures Px and that act above the top of the 
bent. The lateral thrust due to A is transmitted to the 
upper flanges of the girders at a and Fig. 22, by means 
of the rails, ties, and upper lateral bracing; that due to P^ is 
transmitted to a and A by means of the web of the girder; 
the lateral thrust at a and a* is transmitted to the supports 
at A and A* by means of the sway frame a A^ Ay the diag- 
onal a A' being out of action, and there being tension in a' A. 
In the analysis of the sway frame, in Art. 20, it was 
explained that it is customary to consider the structure on 
the point of overturning about the leeward support, in 
which case the whole lateral thrust is exerted at A\ causing 
a compression in the .lower member of the sway frame equal 
to Px -I- P^. 

Now, if the same assumption is made in the present case, 
there will be very little stress in A A^y the upper transverse 
strut of the tower, and to furnish a basis for the design 
of this member it is assumed that all the lateral thrust 
due to Px and P, is transmitted to the bent at then, 
the reaction at A^ will be vertical. The problem then arises 
to resolve Px and P^ into two components, one of which 

*In reality, it matter? little whether all the lateral thrust is assumed 
to be transmitted to A or to y as all the transverse struts of the bent, 
including the top, are usually made the same size 
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is vertical, passing through A', and the other inclined, 
passing through A For this purpose, A and are platted 
to scale, as shown by 1-2 and 2 - 3 , respectively, in Fig. 23 (d ) , 
and the position of their resultant /V == + P, is found by 

means of the force diagram 0 - 1 - 2 - 3 , Fig. 23 (<5), and the 
funicular defd. Fig. 23 {a). The line of action of Pr inter- 
sects at c the line of action of the vertical reaction at A^\ 
therefore, cA\^ the line of action of the reaction at.^. The 
values of the reaction may be found by drawing the triangle 
of forces for the point c\ they are 1-21 at A^, and 21-8 at A, 
Fig. 23 {b). Then, the external forces acting on the tower 
are: 1 - 21 ^ acting vertically downwards at A^\ 21 - 3 , acting 
upwards in the direction Ac Rt A; etc., actmg 

horizontally at A, B, C, etc.; the reaction at P, which may be 
assumed vertical, as explained in Art. 39; and the reaction 
at/*', which will be inclined. The diagonals A^ B, C, CD, 
etc. will be in tension, the other diagonals will be out of 
action. The construction of the stress diagram presents no 
diflBculty; it is best to start with the joint A, then take A\ 
and then B, B^, C, C, D, H, etc. in the order given. In Fig. 23, 
{a) IS the elevation or space diagram of the trestle bent; 
(^), the stress diagram for wind stresses when the structure 
IS fully loaded (30 pounds per square foot against structure 
and cars); {c), the stress diagram for wind stresses when 
the structure is unloaded (60 pounds per square foot 
against the structure); and {d), the force polygon for 
the vertical load at. the joint A. The stresses scaled 
from (i) must be combined with those due to full dead 
and live loads, and those scaled from c must be combined 
with those due to dead load alone; the maximum must be 
used in each case. 

41. Centi'lTugal Force. — The stresses in the members 
of the bents due to centrifugal force when the viaduct is on a 
curve may be found in practically the same way as the wind 
stresses. 

42. liongltudlnal Thrust. — The bracing referred to 
in Art. 36, which connects the bents, is the longitudinal 
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bracing, and is designed to resist the longitudinal thrust 
that IS exerted on the structure by a train of cars. The total 


thrust T that acts on one tower is equal to i 



or / (/ + /')• It IS transmitted to the viaduct at the level of 
the rails, and may be assumed to be concentrated at the top 
of one bent, or divided between the two; for all practical 
purposes, it may be assumed to be applied at one bent, as 
at G, Fig. 24 The amount to be resisted by the bracing on 



JT 

each side of the track is — ; the stress in 

T 

each diagonal is equal to -- X sec Hy ten- 

2i 

sion, and in each horizontal strut it is 
T 

— , compression. The stresses in the 
A 

columns may be found by the method of 
moments. For example, the stress in 

Jx/. 

LI\% , tension, and the stress in 

^ (/i + /fl) 

D r IS , compression. 


The distances /,, /*, h, etc. are not vertical heights, but 
actual distances measured along the columns. 


Example -In Fig 22, let = 16 feet, hj = 4 feet; K, A*, h, 
= 9, 12, 16, 18, 21 feet, respectively (then h — Ih feet); A = 8 feet; 
slope of columns, 2 inches horizontal to 1 foot vertical, P, = 16,000 
pounds, Pa = 12,000 pounds, and let the wind pressure on the bent 
be 100 pounds per linear foot, vertical Determine (a) the vertical 
reaction at P, and the vertical and honzontal components of the 
reaction at P', (^) the wind stress in the member P' P', {c) the wind 
stress m the member P P, {d) the wind stress in the member O D, 
and {e) the wind stress m the member CO 


Solution —(a) The vertical reaction at P is found by taking 
moments of all the wind forces about P'. The moments, m foot- 
pounds, are. 
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Px {h -u ///) 

P^h 

P.{h^h,) 
Psih^h, - A,) 
P.{h,^h,) 
P.h, 

PuO 


16,000 X (75 -h 

16) 

12,000 X (76 + 

4) 

9 X 100 ,, 

2 X 


21 X 100 

2 ^ 

(76 

-9) 

27 X 100 

2 ^ 

(76 

-9-12) 

33 X 100 ^ 
2 ^ 

(21 

+ 18) 

39 X 100 ^ 
2 ^ 

21 


21 X 100 

0 ^ 

0 



9 4 80 0 0 

3 3 7 6 0 

6 93 0 0 

7 2 900 
6436 0 

4 096 0 

0 

26 7 92 6 0 


The total moment about P' is 2,670,260 ft. -lb. Each column slopes 
outwards X 76 = 12 6 ft , then, 

= 12 6 + 8 + 12 6 = 33 ft 
The vertical reaction &t P is, therefore, 

2,679,260 — 33 s= 78,200 lb , acting downwards Ans. 

Since the only vertical forces acting on the trestle bent for the wind 
loading are the vertical components of the reactions at P and P'^ they 
must be equal The vertical component of the reaction at P^ is, there- 
fore, 78,200 lb. Ans 

In Art 37, it is stated that the entire horizontal load may be assumed 
to be carried to P', Then, the honzontal component of the reaction 

15,000 + 12,000 H- (76 X 100) = 84,600 lb Ans 
(^) The stress in the member P' can be found by taking 
moments about the intersection ot P P and P' P, that is, about 
point P. This is the same moment found m (a), 2,679,260 ft -lb. 

tfscff= = 10138 

Then, the stress m P^ P is 

X 1 0138 = + 79,300 lb Ans 

(c) The wind stress in the member P P can be found by taking 
moments about the intersection of P' P* and P' Py that is, about 
point P^* The moments, in foot-pounds, are 


Px {hx + + //d -h ^4 + /ixO = 15,000 X 69 

P^ {hx + A. + + ^4 + A.') => 12,000 X 68 

Pz (^1 "h Aa + Aa "h ^ 4 ) “ 460 X 64 

Pz (hz + + /!*) = 1 ,060 X 46 

Pi{k^+h^) = 1,860X33 

P^ K -= I 166 O X 18 


1 03 6 000 
6 9 6 00 0 
24 300 
4 7 26 0 
4 4 66 0 
29 700 
1 8 7 6 800 
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The distance bt is 

EE' = + & = 

Then, the stress m EF is 

1,876,800 ^ ^ jjjgg ^ 2QJI jjj 
/d 

{dj The stress in OD is equal to the moment of Pat P*, 

and Pb about I divided by the perpendicular distance from I to I? O 
produced. 

i = I X tan = I X 6 = 24 ft. 

Foot-Pounds 


A(t-A,0 

P. t 

P.{t + kt) 

Pb (» + Ax + A*) 

According to Art 37, 


= 16,000 X 9=13 5 0 0 0 
= 12,000 X 20 = 2 4 0 0 0 0 
= 460 X 24 = 1 0 8 0 0 

= 1,060 X 33 = 3 4 6 6 0 

= 1,360 X46 = 60 7 60 

481200 


< 8 = ^ X sec H sm {H - Ha) 


Zn this equation, 

b. = ^2 X + 8 = 20 ft. 

sec = 8 0828, 

H = 80“ 32', 

- 2 As 2 X 16 

tan Hb = ^ ^ “ A, + A, “20 + 16 

2 ■*“ 2 


.86714 


so that Ha = 40® 36'. Then, 

90 

*8 = Y X 6 0828 X sin (80® 82' - 40® 36') = 60 828 X .64190 - 39 06 ft. 


The stress m O D is, therefore, 

481,200 - 39 06 = - 12,300 lb Ans 
(<?) The stress in CO is equal to the moment of A, /**, Pat 
and Pa about /, divided by the perpendicular distance from I to CC', 
which is 45 ft The moment was found, m (rf), to be 481,200 ft.-lb 
Then, the stress in C C' is 

481,200 + 46 = + 10,700 lb. Ans. 


EXAMPLES FOR PRACTICE 

1. Suppose that the wind pressure P, on the trestle bent shown in 
Fig 22, when there is no live load on the trestle, Is 20,000 pounds, 
the wind pressure on the bent is 160 pounds per foot vertical: and the 
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dimensions are as given m the example in Art 42. Find the verti^Al 
reaction at F Ans 60,700 lb. 

2 For the conditions stated in example 1, what is the^ horizontal 

component of the reaction at Ans 31,250 1b. 

3 For the same conditions as in example 1, what is the stress in 
the member U Ans +63,800 lb. 

4 For the same conditions as in example 1, what is the stress in 

the member O Dl Ans. — 14,300 lb 
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